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We review the physics of the highest energy cosmic rays. The discovery of their sources,
still unknown, will reveal the most energetic astrophysical objects in the universe and
could unveil new physics beyond the standard model of particle physics. We discuss the
details of propagation of these high energy particles, their interaction with astrophysical
photon backgrounds and intergalactic magnetic fields, and the production of secondary
cosmogenic particles associated to their transport. We examine different models of accel-
eration, reviewing the principal astrophysical objects that could energise cosmic rays
until the highest energies. Given the uncertainties in the observed mass composition,
we review the two alternative scenarios of a composition made only by protons or by
protons and heavier nuclei; discussing the consequences of the two scenarios in terms of
sources, acceleration mechanisms and production of secondary cosmogenic gamma rays
and neutrinos.
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1. Introduction
Ultra High Energy Cosmic Rays (UHECR), namely Cosmic Rays with energies larger than
1017 ÷ 1018 eV, are the most energetic particles observed in nature, with energies exceeding
1020 eV. The first observation of particles with such extreme energies dates back to the
Volcano Ranch experiment in 1962 [1]. Since then, the study of UHECR became one of
the most important research fields in high energy Astrophysics and Astroparticle Physics,
connected with the most energetic phenomena in the universe it could unveil new physics in
regimes not testable otherwise. Starting from the sixties several experiments were operated
with the aim of increasing the statistics of the observed UHECR events, in order to perform
high resolution measurements of the flux, mass composition and anisotropy (for a review
discussing the first generation detectors see [2]).
Nowadays, the most advanced experiments to detect UHECR are the Pierre Auger Obser-
vatory in Argentina [3], far the largest experimental setup devoted to the study of UHECR,
and the Telescope Array (TA) experiment [4–6], placed in the United States, with roughly
1/10 of the Auger statistics.
Both detectors exploit the hybrid concept, combining an array of surface detectors (SD)
to sample Extensive Air Showers (EAS, shower) when they reach the ground and telescopes,
overlooking the surface array, to collect the fluorescence light of the atmospheric nitrogen
excited (fluorescence detectors, FD). The advent of the hybrid approach has been a major
breakthrough in the detection of UHECR since this method allows to have the same energy
scale in the surface detectors and the fluorescence telescopes. In the past, the absence of an
energy scale common to both detection methods had led to the puzzle about the existence of
the flux suppression around 5× 1019 eV, which was observed by HiRes [7], through FD, but
not present in AGASA data [8], whose energy calibration was based on SD and Monte Carlo
simulations. The first hybrid measurements were done in HiRes/MIA [9] with a detector
array of limited size. The Auger project, for the first time, adopted the hybrid approach [10]
as the basis of the detector design solving the suppression puzzle.
The experimental study of UHECR clarified few important characteristics of these parti-
cles: (i) UHECR are charged particles with a limit on photon and neutrino fluxes around
1019 eV at the level of few percent and well below respectively [11–13], (ii) the spectrum
observed at the Earth shows a slight flattening at energies around 5× 1018 eV (called the
ankle) with (iii) a steep suppression at the highest energies [14, 15].
The composition of UHECR is still matter of debate. Before the advent of Auger the exper-
imental evidences were all pointing toward a light composition with a proton dominated flux
until the highest energies, sources injecting soft spectra and acceleration energies larger than
1020 eV [16]. The measurements carried out by the Auger observatory [17] have shown that
the mass composition of CRs, from prevalently light at ∼ 1018 eV, becomes increasingly
heavier towards higher energies. Several independent calculations [18–21] showed that spec-
trum and composition observed by Auger can be well explained only if sources provide very
hard spectra and a maximum rigidity ∼ 5× 1018 V. If confirmed, these findings would rep-
resent a change of paradigm respect to the picture of ten years ago. On the other hand,
the TA experiment, even if with 1/10 of the Auger statistics, collected data that seem to
confirm the pre-Auger scenario [22], the mass composition is compatible with being light for
energies above 1018 eV, with no apparent transition to a heavier mass composition.
2/40
As we discuss in section 3, a joint working group made of members of both collaborations,
TA and Auger, has recently concluded that the results of the two experiments are not
in conflict once systematic and statistical uncertainties have been taken into account [23].
This conclusion, though encouraging on one hand, casts serious doubts on the possibility of
reliably measuring the mass composition at the highest energies, unless some substantially
new piece of information becomes available. In section 6 we will come back to the observation
of mass composition, discussing the future prospects of these measurements. It should be also
noted that the spectra measured by the two experiments, though being in general agreement,
differ beyond the systematic error at the highest energies (where mass composition differs
the most) in such a way that TA claims a spectral suppression at & 5× 1019 eV while Auger
shows the suppression at sensibly lower energies [24].
In order to interpret the observations at the Earth, trying to constrain the possible
sources of UHECR, it is very important a detailed modelling of UHECR propagation in
the intergalactic medium, which is mainly conditioned by the interaction with astrophys-
ical backgrounds and intergalactic magnetic fields. These interactions, that we discuss in
section 2, shape the spectrum observed at the Earth and are also responsible for the produc-
tion of secondary (cosmogenic) particles: photons and neutrinos. This secondary radiation,
discussed in section 3, can be observed through ground-based or satellite experiments and
brings important informations about the mass composition of UHECR and, possibly, on
their sources.
Sources of UHECR are still a mystery, we do not know which kind of astrophysical object
is responsible for the production of these particles. As we discuss in section 4, there are
basically two different classes of mechanisms that, in principle, could be invoked to accelerate
UHECR. The first class is based on the transfer of energy from a macroscopic object (that
can move relativistically or not) to microscopic particles through repeated interactions with
magnetic inhomogeneities. The second class is based on the interaction with electric fields
that, through high voltage drops, can accelerate particles until the highest energies.
The transfer of energy from a macroscopic object to a particle was elaborated already by
Fermi in 1949 [25], the so-called Fermi mechanism. The interaction of particles with magnetic
scattering centres of a macroscopic moving object led to an energy gain per interaction of
the order of ∆E/E ∝ β2, being β the average velocity of the scattering centres in units
of c. This process is called second order Fermi mechanism. The first order mechanism is
realised in the case of a coherent macroscopic motion, as for shock waves where particles gain
energy bouncing back and forth through the shock front with an energy gain in each passage
∆E/E ∝ β [26–29], being β the shock’s velocity in ubits of c. These kind of mechanisms all
require many interactions to achieve the extreme energies observed.
Shock waves are frequent in the universe, typically produced when ejected material from an
astrophysical object encounters, with supersonic motion, the surrounding medium with the
principal effect of heating the medium. Depending on the velocity of the ejected material,
shocks can be either non-relativistic or relativistic and both kinds of shocks can be used
to construct acceleration models for UHECR. To this purpose, as we discuss in section
4, interesting shock regions are Gamma Ray Bursts (GRB), jets and hot-spots in Active
Galactic Nuclei (AGN) or large scale accretion shocks in galaxy clusters.
Acceleration of charged particles through electric fields is in principle very efficient. How-
ever, plasmas, ubiquitous in any astrophysical environment, typically destroy large scale
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electric fields in the universe reducing the effectiveness of such mechanisms. As we discuss in
section 4, only in particular environments high voltage drops can survive, such as in the case
of magnetosphere or winds in neutron stars or near black holes and their accretion disks.
As we discuss in section 5, the production of UHECR could also be connected with new
physics not testable in Earth’s laboratories. This is the case of models in which UHECR are
directly produced at high energy, as decay products of super-heavy relic particles (with mass
MX & 1013 ÷ 1014 GeV) predicted in a wide class of inflationary scenarios. These models
connect the observations of UHECR with the Dark Matter (DM) problem and the physics
of the early universe.
The theoretical interest in UHECR is also connected with their kinematic regime. The
interactions of these particles are characterised by huge values of the Lorentz factor (up to
Γ ' 1011 for protons), not reached in any other (known) physical environment. As we discuss
in section 5, the kinetic regime of UHECR provides unprecedented tests of the relativity
principle and the fundamental ideas beyond the theory of special relativity.
The paper is organised as follows. In section 2 we discuss the propagation of UHECR
through astrophysical backgrounds and intergalactic magnetic fields. In section 3 we discuss
the comparison of theoretical expectations with the observations of Auger and TA, illustrat-
ing the constraints that experimental data already imply on the characteristics of sources.
In section 4 we discuss different classes of astrophysical sources and the acceleration mecha-
nisms related to them. In section 5 we discuss the connection between the physics of UHECR
and exotic models beyond the standard model of particle physics. Finally, in section 6 we
conclude discussing and summarising the principal results.
2. Transport of ultra-high energy cosmic rays
The extra-galactic origin of UHECR, at least at energies above the ankle E > 1019 eV, is
widely accepted [30, 31]. The propagation of UHECR through the intergalactic medium
is conditioned primarily by astrophysical photon backgrounds and, if any, by the pres-
ence of magnetic fields. The astrophysical backgrounds involved are the Cosmic Microwave
Background (CMB) and the Extra-galactic Background Light (EBL).
The CMB, relic radiation from the big bang, is the background with the highest density
and a well known cosmological evolution, while EBL, composed of infrared, optical and
ultraviolet photons produced and reprocessed by astrophysical sources, has a less understood
cosmological evolution, typically model dependent. In the past years several models for the
cosmological evolution of EBL have been proposed [32–35]. These models show sizeable
differences only at high redshift (z > 4), not actually relevant in the propagation of UHECR
but affecting the production of secondary cosmogenic particles [18, 36], as we discuss in
section 3.3.
2.1. Interactions of ultra-high energy cosmic rays
The interactions of UHECR (protons1 or heavier nuclei) with astrophysical backgrounds
give rise to the processes of: pair-production, photo-pion production and, only in the case of
nuclei heavier than protons, photo-disintegration. Moreover, protons propagation is affected
1 Here we do not consider the case of neutrons because their decay time is much shorter than all
other scales involved in the propagation of UHECR [37, 38].
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only by the CMB while for nuclei, and only in the case of photo-disintegration, also the EBL
plays a role [37, 38].
Soon after the CMB discovery, these mechanisms of energy losses were discussed [39].
Most important was the so called Greisen, Zatsepin and Kuzmin (GZK) feature2: a sharp
suppression in the spectrum of UHECR protons expected at EGZK ' 5× 1019 eV, due to the
photo-pion production process on the CMB. At the highest energies also the flux of nuclei is
suppressed by the photo-disintegration process on the CMB, producing the Gerasimova and
Rozental (GR) cut-off [40] expected at energies EGR ' AΓcmN being: Γc = 3÷ 5× 109 a
critical Lorentz factor weakly dependent on the nucleus type, A is the atomic mass number
of the nucleus and mN the proton mass. Other important studies were conducted by Hillas
[41] and Blumenthal [42], on the effects of the pair production process, and by Berezinsky
and Zatsepin [43–46], on the production of secondary cosmogenic gamma rays and neutrinos.
The rate of interactions (probability per unit time) suffered by UHECR can be written in
a very general form as [37, 47]:
1
τ
=
c
2Γ2
∫ +∞
′min
′σ(′)
∫ +∞
′/2Γ
nγ()
2
d d′ , (1)
where Γ is the Lorentz factor of the particle, σ(′) is the total cross-section associated to the
interaction, ′ is the background photon energy in the particle rest frame, ′min is the lowest
value of ′ above which the interaction is kinematically possible (threshold), and nγ() d is
the number per unit volume of background photons with energy between  and + d in the
laboratory reference frame. The photon energy in the particle rest frame is related to that
in the laboratory frame by
′ = Γ(1− cos θ) 0 ≤ ′ ≤ 2Γ ,
where θ is the angle between the particle and photon momenta.
The physical processes responsible for energy losses depend on the particle type and energy.
Protons with Lorentz factor
Γ & mpi
(1− cos θ)
mpi
2
' 1010 . Γ <∞
interacting with CMB photons give rise to the photo-pion production process:
p(n) + γ → p(n) + pi0 p(n) + γ → n(p) + pi+(pi−). (2)
At lower energies Γ . 1010 the same processes can occur on the EBL field [36], although
with a lower probability. The photo-pion production process implies a sizeable energy loss
for protons resulting in the GZK suppression of the flux [48, 49] which arises at the threshold
energy that, in the nucleon rest frame, reads
′min = mpi +
m2pi
2mN
≈ 145 MeV.
The cross-section of protons’ photo-pion production has a complex behaviour with a
number of peaks corresponding to different hadronic resonances, the largest one being
the ∆ resonance placed at ′ = ∆ ≈ 340 MeV [16]. At energies much larger than ∆ the
cross-section has an approximately constant value [16].
2 Also referred as the GZK cut-off or suppression.
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Fig. 1 Loss length of UHE protons (red solid line total energy losses). Photo-pion pro-
duction dotted black line, pair production dotted blue line. The size of the visible universe
is seen by the dashed green line.
The photo-pion production process holds also for nucleons bound within UHE nuclei,
being the interacting nucleon ejected from the parent nucleus. This process is subdominant
if compared with photo-disintegration except at extremely high energies [18]. As we discuss
in section 3, it has some relevance only in the case of the production of secondary cosmogenic
particles.
UHE nuclei interacting with CMB and EBL photons can be stripped of one or more
nucleons (photo-disintegration process):
(A,Z) + γ → (A− n,Z − n′) + nN (3)
being A and Z the atomic mass number and atomic number of the nucleus, n (n′) the number
of stripped nucleons (N). In the nucleus rest frame the energy involved in such processes is
usually much less than the rest mass of the nucleus itself, therefore in the laboratory frame
all fragments keep approximately the same Lorentz factor of the parent nucleus, i.e. we can
neglect nucleus recoil [37, 38].
The cross-section is dominated by a smooth peak, the giant dipole resonance, that appears
for photon energies close to the threshold (8 MeV ≈ ′min < ′ ≤ 30 MeV) [50], in this regime
photons interact with ”all” nucleons that behave collectively as a fluid. The giant dipole
resonance corresponds to the extraction of one nucleon and it is the dominating process in
UHE nuclei propagation [37, 38, 50, 51]. At larger energies ′ > 30 MeV the quasi-deuteron
process dominates, in which the photon interacts with one or two nucleons inside the nucleus
with the extraction of two or more nucleons. This regime corresponds to an almost constant
cross-section and has a small impact on the propagation of UHE nuclei [37, 38, 50, 51].
The process of photo-disintegration is responsible for the production of secondary hadronic
particles, stripped away from the primary injected nuclei. Therefore, injecting heavy nuclei
at the source produces a flux at the Earth composed also by lighter nuclei emitted during
propagation.
Protons and nuclei with Lorentz factor Γ ≥ 109 can undergo the process of pair production:
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Fig. 2 Loss length of four species of UHE nuclei (as labeled). Red solid line photo-
disintegration and blue dotted line pair-production. The effect of EBL (modelled as in [34])
on photo-disintegration is seen by the black dotted line that shows photo-disintegration due
to the sole CMB field. The size of the visible universe is seen by the dashed green line
(adiabatic energy losses). Figures taken from [38].
p(A) + γ → p(A) + e+ + e−
The mean free path associated to this interaction is relatively short compared with all other
length scales of propagation, with a very small amount of energy lost by the propagating
particle in each interaction [16]. Taking into account this result, we can always interpret pair
production as a process that continuously depletes the particle’s energy. Hence, the rate of
energy losses 1Γ
(
dΓ
dt
)
due to pair-production can be written substituting in Eq. (1) σ → σf ,
being f the inelasticity of the process, i.e. the average fraction of energy lost by the particle
in one interaction [52]. In the case of nuclei, the rate of pair-production energy losses can be
computed starting from the rate of protons and using the scalings [37, 38]:
fA = fp/A and σA = Z2σp .
Particles covering cosmological distances feel the effect of the changes in the background
universe due to cosmology. Thus suffering adiabatic energy losses. Assuming standard
cosmology we can write the energy lost per unit time by UHECR (protons or nuclei) as(
− 1
Γ
dΓ
dt
)
ad
= H(z) = H0
√
(1 + z)3Ωm + ΩΛ (4)
where z is the redshift at time t, H0 ' 70 km/s/Mpc is the Hubble constant, Ωm ' 0.26 is
the matter density, and ΩΛ ' 0.74 is the dark energy density [53].
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In figures 1, 2 we plot the interaction path length of protons and nuclei computed at zero
red-shift as function of energy and Lorentz factor respectively.
In the case of protons (figure 1), at low energies, up to few 1018 eV, the energy losses
are dominated by the expansion of the universe. The pair production process starts to be
relevant at the threshold energy 2× 1018 eV; the pion photo-production becomes important
at ' 5× 1019 eV (GZK cut-off) where the loss length drops to very low values and the large
scale universe becomes opaque to UHECR protons.
In figure 2, the loss length of different nuclei is plotted as function of the Lorentz factor Γ,
assuming the EBL model presented in [34]. Two sharp drops can be seen in the path length
of nuclei; the first drop, at energy A× 1018 eV (Γ ' 109), is the combination of photo-
disintegration on far infra-red photons (low energy EBL) and pair-production on CMB; the
second drop, even more pronounced, is due to photo-disintegration on CMB photons and
arises at energies EGR ' A× 4× 1018 eV (GR cut-off).
2.2. Propagated spectra
The spectrum of CR observed at the Earth always consists in the combination of what was
injected by sources and the effects of propagation. Once the interactions of UHECR are
specified one can determine the spectra expected at the Earth by assuming an injection
spectrum at the sources and their cosmological evolution3. In the following we will assume
that sources have a uniform and homogeneous distribution, with emissivity4 LS eventually
dependent on red-shift, all share the same injection spectral index γg (with a power law
injection ∝ E−γg) and the same maximum energy, with a rigidity dependent behaviour
Emax(A,Z) = Z × Epmax. Under these simplified assumptions, the propagation of UHECR
can be described by the set of differential equations [37, 38]:
∂np(Γ, t)
∂t
− ∂
∂Γ
[bp(Γ, t)np(Γ, t)] = Qp(Γ, t) (5)
∂nA(Γ, t)
∂t
− ∂
∂Γ
[nA(Γ, t)bA(Γ, t)] +
nA(Γ, t)
τA(Γ, t)
= QA(Γ, t) (6)
where n is the equilibrium distribution of particles, b = −dΓ/dt is the rate of decrease of the
particle’s Lorentz factor, Qp and QA are the production rates per unit co-moving volume and
time of protons and nuclei, as the sum of those produced by the sources and the secondary
products of photo-disintegration. Equations (5) and (6) are valid under the hypothesis of
continuum energy losses5, i.e. we neglect the effects of stochasticity in the interactions,
and modelling photo-disintegration as a ”decaying” process (with ”life time” τA) that just
depletes the number of photo-disintegrated nuclei [37, 38].
3 We will not discuss here the case of extra-galactic magnetic fields, we will come back to this point
in the forthcoming section 2.3.
4 Energy emitted (in UHECR) per unit time and volume. Given a distribution of sources with
number density nS each with the same luminosity LS the energy emitted per unit time and volume
is given by LS = nSLS .
5 As discussed for the pair production process, in the hypothesis of continuum energy losses the
rate 1/Γ(dΓ/dt) can be determined substituting σ → fσ in Eq. (1) being f the inelasticity of the
process (see above) as presented in [52].
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As discussed above, the leading channel of photo-disintegration is the extraction of one
nucleon (A+ 1) + γ → A+N . The primary nucleus, the secondary nucleus and the asso-
ciated (emitted) nucleon all have approximately the same Lorentz factor Γ, therefore the
injection rate of secondary particles can be written as:
QsecA (Γ, t) = Q
sec
p (Γ, t) =
nA+1(Γ, t)
τA+1(Γ, t)
. (7)
Equation (7) couples together the transport equations for nuclei, Eqs. (6), that should be
solved following the photo-disintegration chain, namely starting from the solution for the pri-
mary injected nucleus with mass number A0 (injected at the source with QA0(Γ, t)) and then
using the solution to solve the equation for the nucleus with mass number A0 − 1 (injection
QsecA0−1 = nA0/τA0), moving downward along the photo-disintegration chain until the lowest
mass secondary nucleus A = 2. The equilibrium distribution of protons np is obtained by
solving Eq. (5) with both the injection of freshly accelerated protons and secondary protons
produced by photo-disintegration:
Qp(Γ, t) = Q
acc
p (Γ, t) +
∑
A<A0
Qsecp (Γ, t) .
We complete the discussion above by presenting the analytical solution to equations (5)
and (6), written in integral form, as function of redshift z and particles’ Lorentz factor Γ.
Following [37, 38] the solution reads:
Jp(Γ, z) =
c
4pi
∫ zmax
z
dz′
(1 + z)H(z)
Q(pΓ
′, z′)
(
dΓ′
dΓ
)
p
, (8)
JA(Γ, z) =
c
4pi
∫ zmax
z
dz′
(1 + z′)H(z′)
QA(Γ
′, z′)
(
dΓ′
dΓ
)
A
e−ηA(Γ
′,z′), (9)
where Γ′(z′) is the particles’ Lorentz factor at redshift z′ (with Γ′ = Γ at z′ = z), dΓ′/dΓ
for protons and nuclei is calculated in [37, 38, 54]. The term e−ηA in equation (9) takes
into account the effect of photo-disintegration of the propagating nucleus A, with the photo-
disintegration treated as a ”decay” process it reads:
ηA(Γ
′, z′) =
∫ z′
z
dz′′
(1 + z′′)H(z′′)
1
τA(Γ′′, z′′)
, (10)
being τA the photo-disintegration ”life-time” computed as in Eq. (1).
2.3. Intergalactic magnetic fields
The propagation of UHECR can be largely affected by the presence of intergalactic magnetic
fields6 (IMF). As a general remark it should be stated that our knowledge of these fields is
still poor and fragmented, even if several important constraining observations were achieved
(see [61–67] and references therein). In certain environments of the universe such as galaxy
clusters, which could harbour sources of UHECR, the magnetic field is better known with
typical values in the range of 1 µG [61–67].
6 We will not discuss galactic magnetic fields that do not affect spectrum and mass composition of
UHECR but can only change the arrival directions of particles [55–60].
9/40
It is outside clusters, far the largest space traversed by extra-galactic CR, in filaments and
voids, that the value of the magnetic field is not known and, to date, no convincing mechanism
to produce strong fields over very large (supra-cluster) scales has been clearly found. The
most reliable observations of IMF are those of synchrotron emission, its polarisation and
Faraday rotation at radio frequencies (0.1÷ 10 GHz) [61–67]. These measurements imply an
upper limit for the IMF that depends on the assumed coherence length of the field itself.
For instance, according to [68], in the case of an inhomogeneous universe B < 4 nG with a
scale of coherence of about lc = 50 Mpc.
Apart from observations, the IMF can be predicted, in principle, implementing Magneto-
Hydrodynamics (MHD) evolution of magnetic fields in numerical simulation of Large Scale
Structure (LSS) formation [69–73]. The main ambiguities in these simulations are related
to the assumed seed magnetic fields, to the mechanism invoked in their growth and to the
capability of reproducing the local density velocity field (constrained [69, 70] and uncon-
strained simulations [71]). Unfortunately, because of these uncertainties, MHD simulations
are not completely conclusive. The volume filling factor of strong fields of the order of 1 nG
vary by several orders of magnitude from one simulation another. The predicted magnetic
field in voids (filaments) vary from 10−3 nG (10÷ 1 nG) [70, 72, 73] up to 10−1 nG (10 nG)
[71].
In order to discuss the effects of magnetic fields on the propagation of UHECR let us
consider the ideal configuration of a homogeneous turbulent magnetic field with strength
B on the coherence scale lc. A charged particle with energy E in a magnetic field B has a
Larmor radius given by:
rL(E) ' 1
(
EEeV
ZBnG
)
Mpc (11)
being EEeV the energy in units of 10
18 eV, BnG the magnetic field in units of nano-Gauss
and Z the charge of the particle.
Depending on their energy, particles can feel the effect of the magnetic field in different
ways: the scale that governs such interaction is the field coherence length lc. If rL < lc, thus
for energies
E < Ec ' 1018ZBnG
(
lc
Mpc
)
eV,
particles, resolving the turbulence spectrum of the magnetic field, will diffuse through res-
onant scattering on the field components at the scale rL. This regime is called quasi-linear
or resonant diffusion. The diffusion length lD, i.e. the distance that corresponds to a typical
particle deflection of 1 rad, depends on the type of turbulence met by the particle at the
Larmor radius scale, hence it depends on the turbulence spectrum of the magnetic field. It
can be easily shown that lD ' lc(E/Ec)α [74–77] being α related to the spectrum of magnetic
turbulence (α = 1/3 Kolmogorov, α = 1/2 Kraichnan and α = 1, i.e. lD = rL, in the case of
Bohm spectrum). Particles propagation in the quasi-linear regime is purely diffusive with a
diffusion coefficient
D =
1
3
clD ' 1
3
clc
(
E
Ec
)α
.
At high energy as soon as rL > lc (E > Ec) the scattering is non-resonant and particles
propagation results in a series of small deflections δθ ' lc/rL in each coherence length lc.
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The diffusion length lD can be easily evaluated as the space traversed by a particle to suffer a
deflection ∆θ ' 1 rad, one has lD ' lc(E/Ec)2 with a diffusion length that strongly increases
with energy [74, 76, 77]. In this case the propagation of particles can be either diffusive or
rectilinear depending on the sources distribution, namely on the average distance between
sources rs. If lD < rs the propagation is still diffusive, with a diffusion coefficient
D =
1
3
clD ' 1
3
clc
(
E
Ec
)2
,
while at the highest energies when lD > rs the rectilinear propagation regime is recovered
and the magnetic field has no effects on propagation [74, 76].
It is important to mention here, as a general remark, that the effect of the magnetic field
on spectrum and mass composition of UHECR is closely tied to the assumptions made
about density and luminosity of sources. In other words, even a very strong field would
have no effect on any observable if the mean separation between sources is smaller than all
propagation length scales, i.e. diffusion and energy losses lengths [74, 76].
Typical density expected for UHECR sources is in the range ns = 10
−4 ÷ 10−6 Mpc−3,
with a rather large uncertainty it can be estimated by the observations (or non-observation)
of small-scale clustering in the arrival directions [78–81]. The typical separation distance
between sources can be estimated as rs = (ns)
−1/3 ' 10÷ 102 Mpc.
As discussed above, assuming a non-resonant diffusion regime (rL > lc), cosmic rays from
a source at distance rs will diffuse as soon as lD ≤ rs, or in terms of energy:
E ≤ ED ' 1018ZBnG
√
rslc
Mpc2
eV . (12)
Particles with energies below ED, traveling for longer time respect to rectilinear propaga-
tion, will loose more energy. The net effect of this kind of transport is to reduce the expected
flux at energies below ED.
As first realised in [75, 82], the (IMF induced) flux suppression (in the range 1017 ÷ 1018 eV)
has a paramount importance in tagging the transition between galactic and extra-galactic
CR [31]. Such scenario can also be invoked to reduce the flux of protons below 1018 eV in the
case of the dip model (see section 3.1) or to allow for softer injection spectra in the case of
mixed composition (see section 3.2). As follows from Eq. (12), the viability of these scenarios
clearly depends on the assumptions made about the magnetic field configuration that should
be at the nG level. It is worth recalling here that, as follows from equipartition, a nG field is
an absolute upper limit of the expected magnetic field strength in voids. Considering more
realistic configurations with inhomogeneous magnetic fields, i.e. taking into account different
field intensities and coherence scales in voids and filaments, the suppression effect on the
low energy flux will be less pronounced and shifted to lower energies [83–85].
Let us conclude this part by stating that the interaction of UHECR with magnetic fields
can be very important also in the source environment. The strong connection between matter
and magnetic fields in the universe could imply a rich phenomenology, largely oversimplified
here, due to the likely presence of UHECR sources in those environments characterised by
high values of the magnetic field. For instance, these effects could be at the base of source
models, as we discuss in the following section, that provide a mixed mass composition.
11/40
3. Observations, source models and cosmogenic messengers
To constrain the basic characteristics of UHECR sources we adopt a purely phenomeno-
logical approach in which sources are homogeneously and isotropically distributed with the
basic parameters: γg injection power law index, Emax maximum energy at the source (rigid-
ity dependent), LS emissivity and relative abundances of different elements at injection.
These parameters are fitted to experimental data (both spectrum and mass composition)
with as little as possible a priori theoretical prejudice on what the values should be. In
the forthcoming section 4 we will come back to the physics of sources, discussing specific
astrophysical objects that show the expected characteristics.
Solving the transport7 equations (5) and (6) we can determine the theoretical flux, to
be compared with observations, while mass composition is inferred from the mean value
of the depth of shower maximum 〈Xmax〉 and its dispersion (RMS) σ(Xmax), computed as
shown in [86] and compared with observations too. The combined analysis of 〈Xmax〉 and
σ(Xmax), even if not conclusive, as we discuss in section 6, allows to obtain less model
dependent information on the mass composition [30, 87]. A relevant source of uncertainties
comes from the dependence of the depth of shower maximum and its fluctuations on the
hadronic interaction model used to describe the shower development in the atmosphere.
Most of such models fit low energy accelerator data while providing somewhat different
results when extrapolated to the energies of relevance for UHECR (for a review see [88] and
references therein).
As discussed in the Introduction, the main spectral features of UHECR observed at the
Earth are: (i) the ankle, a flattening of the spectrum at energy around ' 5× 1018 eV,
observed since 1960s (Volcano Ranch experiment [89]) and confirmed by all observations
[90, 91], and (ii) a sharp suppression of the spectrum at the highest energies. The energy of
such suppression is not univocally identified with some tension between the observations of
Auger and TA: the first detector places the suppression at E ' 2.5× 1019 eV [90] while the
second at larger energies E ' 6× 1019 eV [92].
In the left panel of figure 3 we plot the energy spectra observed by Auger and TA as
presented at the last International Cosmic Rays Conference [24], also labeled are the position
of the ankle and the high energy suppression as measured in the two datasets. Apart from a
shift in the energy determination, which can be reabsorbed in systematics uncertainties as
labeled, it follows that the two observations seem discrepant at the highest energies in both
shape and position of the suppression [24].
In the right panel of figure 3 we plot 〈Xmax〉 as determined by the comparison of the
Auger and TA datasets by the joint working group to study mass composition [23]. Super-
imposed to experimental data are plotted (by the author) also the theoretical expectations
for pure protons and pure irons in the two cases of QGSJet and Sybill interaction models, as
extracted from figure 30 of [22]. The result of the joint working group, as follows from figure
3 (right panel), states the compatibility of the two datasets whose physical interpretation
highly depends on the hadronic interaction model assumed. Hence we can conclude that the
observations of Auger and TA are currently not providing an unambiguous measurement of
7 In this section we neglect the effect of magnetic fields.
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Figure 6: Comparison of hXmaxi as measured with the MD of TA (blue squares) and the hXmaxi of the
Auger data folded with the MD acceptance (red circles). The data points are slightly shifted horizontally
for better visibility. In the case of the Auger points, the inner error bars denote the statistical uncertainty of
the measurement and the total error bar also includes contributions from the limited statistics of simulated
events used for the folding. The colored bands show the systematic uncertainties of the Xmax scales of each
experiment.
However, since the elongation rate of the folded Auger data is small (⇠19 g/cm2/decade), the ef-
fect of such an energy shift on the comparison is expected to be at the level of a few g/cm2. For
a more precise evaluation it would be necessary to take into account the energy dependence of the
acceptance of TA. Nevertheless, it is to be expected that the increased difference between the two
data sets once the energy scale shift is taken into account will be much smaller than the system-
atic uncertainties on the Xmax scale of 10 g/cm2 and 16 g/cm2 for the Auger and TA analyses
respectively.
5. Conclusions and Outlook
In this paper we have presented a comparison between the data on hXmaxi as measured by
the Pierre Auger and Telescope Array Collaborations. An adequate comparison was achieved by
taking into account that the hXmaxi published by Auger are corrected for detector effects, whereas
those published by TA includes detector effects. From the preliminary comparison presented here
we conclude that the data of the two observatories are in good agreement.
In the future, we will present results with an improved parametric description of the Auger
Xmax distributions using the EPOS-LHC interaction model and the evaluation of the effect of the
relative energy scale uncertainty. Moreover, we will discuss results from statistical tests of the
compatibility of the full Xmax distribution.
16
prot
on 
iron 
Fig. 3 [Left Panel] Energy spectra of UHECR as released i 2015 by Auger (red points)
and TA (blue points). Also labeled, in both datasets, are: the energy of the ankle Eankle,
the energy of the high energy suppression E1/2 and the systematics in energy determination
(figure taken from [24]). [Right Panel] Comparison of the 〈Xmax〉 as obtained by the Auger-
TA working group [23] with superimposed (by th author) the th oretic l expectation of
pure proton or iron composition (as labeled) in the case of QGS-Jet-II-03 (solid lines) and
Sybil 2.1 (dashed lines) hadronic interaction models (taken from figure 30 of [22]).
the mass composition and, in what follows, we consider separately the two cases of a pure
proton composition and a mixed composition with heavy nuclei contributing to the flux.
3.1. Protons and the dip model
In the case of a pure proton composition the only relevant astrophysical background is the
CMB [37, 38]. This fact makes the propagation of UHE pro ns free from the uncertainties
related to the background, being the CMB exactly known as a pure black body that evolves
with redshift trough its temperature. In this case ny sig atur of the propaga ion in the
observed spectrum can be easily referred to the assumptions made at the source, subtracting
the effects of the interactions suffered during propagation. In order to isolate these effects it
is useful the so-called modification factor η(E) defined as the ratio [16]:
η(E) =
Jp(E)
Junm(E)
(13)
where Jp is the protons spectrum, computed with all energy losses taken into account (see Eq.
(8)), and Junm(E) is the unmodified spectrum computed taking into account only adiabatic
energy losses due to the expansion of the universe.
In figure 4 we plot the modification factor η(E) as computed for different values of the
injection power law index γg. From this figure it is evident the weak dependence of η(E)
on the injection chosen while it clearly shows the signatures of the energy losses suffered by
protons. At low energy, losses are dominated by the adiabatic expansion of the universe, the
spectrum at the Earth keeps the injection shape, and the modification factor is η(E) = 1;
above the pair production threshold (around 2× 1018 eV) pair production energy losses
become important and the propagated spectrum hardens (the curves labeled with e+e−
take into account only pair-production); above the photo-pion production threshold (around
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FIG. 1: Modification factor for a power-law generation spectrum with slope γg = 2.0 and 2.7. The horizontal line η = 1
corresponds to adiabatic energy losses only. The curves ηee and ηtot correspond respectively to the modification factor for
adiabatic and pair production energy losses and the modification factor where all losses are taken into account.
mode of propagation: it is the same for rectilinear propagation and propagation in arbitrary magnetic fields. This
property of the universal spectrum is guaranteed by the propagation theorem [14], according to which the spectra do
not depend on the propagation mode if the distance between sources is less than any propagation length, e.g. energy
attenuation or diffusion length. For homogeneous distribution of the sources with vanishing distance between them
the propagation theorem is obviously fulfilled.
The generation rate Qgen(E, t) might include the cosmological evolution of the sources. In the results presented
in this section, we shall not include it in the calculations for two reasons: (i) The evolution involves at least two
free parameters, m and zmax, where m is the exponent in the evolution rate (1 + z)
m, and zmax is the maximum
redshift up to which evolution takes place. This makes the fit to the data more arbitrary. (ii) Evolution is a very
model-dependent phenomenon, and as such we will discuss it later in Section IIA 3, regarding it as an uncertainty
in the predictions.
Since the injection spectrum E−γg enters both the numerator and the denominator of η(E), one may expect that
the modification factor depends weakly on γg and numerical calculations confirm it.
In Fig. 1 we plot the modification factor as a function of energy for two slopes of the injection spectrum, γg = 2.0
and γg = 2.7. As expected, the differences are quite small.
In Fig. 2 we show the comparison of the modification factor calculated for γg = 2.7 with the observational data of
AGASA, HiRes, Yakutsk and Auger. The dip, i.e. the modification factor ηee(E), is well confirmed by the data at
energy below E ≈ 4 × 1019 eV, above which the photopion production dominates (see Fig. 2). Fly’s Eye data, not
shown here, confirm the dip equally well. Auger spectrum does not contradict the high energy part of the dip, but
needs continuation of the spectrum to lower energies to test the dip as a whole.
At energy E ≥ 1 × 1019 eV the dip shows a flattening, which explains the ankle, seen in the data in Fig. 2 at this
energy.
By definition the modification factor must be less than unity. At energy E < 1× 1018 eV the modification factors
of AGASA-Akeno and HiRes exceed this bound. This signals the appearance of another component, which is most
probably given by galactic cosmic rays. This is the first indication in favor of a transition from extragalactic to galactic
cosmic rays at E ∼ 1× 1018 eV.
The best fit to the data provided by analytical calculations corresponds to γg = 2.7, though 2.6 ≤ γg ≤ 2.8 provide
an acceptable description of the data. The detailed Monte-Carlo simulations of the spectra at E ≥ 3 × 1018 eV,
accounting for statistical errors in the energy determination of the events, lead to a best fit injection spectrum with
slope γg = 2.6 [34], in rather good agreement with the results of analytical calculations. In addition to the statistical
errors, the simulations in [34] may also account for a systematic error in the energy determination. For most currently
operating experiments such error is of order 20% and sometimes in excess of this. The Monte-Carlo simulations of [34]
lead to the conclusion that the alleged discrepancy between the AGASA and HiRes experiments could be explained
Fig. 4 Theoretical modification factor computed for different values of the injection power
law index as labeled. Figure taken from [93].
5× 1019 eV) the propagated spectrum experiences an abrupt steepening which corresponds
to the GZK feature (curves labeled with total take into account all relevant energy losses).
Particularly important is the behaviour associated to the pair-production energy losses
that, named ”dip” [16, 93], reproduces quite well the ankle observed in the spectrum, pro-
vided that the injection power law at the source is around γg = 2.6÷ 2.7. In figure 5 and
6 we plo the theoretical modification factor t gether with he experimental data of sev ral
detectors as labeled, which all claim a pure proton composition [94–98]. From these figures
it is evident that the behaviour of the pair production dip reproduces quite well the ankle
observed in the UHECR spectrum.
The results presented in figures 5 and 6 refer to the case without cosmological evolution
of source , i.e. density and luminosi y i dependent of red-shift. Assuming some kind of
cosmological evolution, which typically gives a larger weight to distant sources, the transition
between adiabatic and pair production energy losses arises at lower energy and the pair
production dip will be deeper and slightly shifted to lower energies. As a consequence of this
fact the spectral index at the sources needed to reproduce the observations will be lowered
respect to the b st fit value (see figure 5 and 6) obtained without evolution [16, 93].
The remarkable feature of the dip model, proposed by Berezinsky and collaborators [16,
30, 93, 101, 102], is its ability of explaining experimental data with only one extra-galactic
component of pure protons, directly linking the flux behaviour to the energy losses suffered
by the propagating particles.
Assuming pure protons the comparison with experiment l data is res ricted to the sole
flux. From this analysis follows that the required emissivity depends on the power law index,
which shows a best fit value that ranges from γg = 2.5 (for strong cosmological evolution)
up to γg = 2.7 (without evolution) [16, 93]. Using these values of γg and assuming a single
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Figure 4. The predicted pair-production dip in comparison with Akeno-AGASA, HiRes, Yakutsk and Telescope Array (MD and SD) data
[17]. All these experiments confirm the dip behavior with good accuracy, including also the data of Fly’s Eye [17] (not presented here).
in Fig. 3 by the curves labeled “e+e−”. With the pion
photo-production process being also included, the GZK
feature (curves “total”) appears. The observable part of
the dip extends from the beginning of the GZK cutoff at
E ≈ 40 EeV down to E ≈ 1 EeV, where η ≈ 1. It has
two fattenings: one at energy Etra ∼ 10 EeV and the other
at Eb ∼ 1 EeV. The former automatically produces the
ankle (see Fig. 4) and the latter provides an intersection
of the flat extragalactic spectrum at E ≤ 1 EeV with the
steeper Galactic one. Since many non-essential factors in
the numerator and denominator of Eq. (16) compensate
or cancel each other, the dip in terms of the modification
factor is a less model dependent physical quantity than the
spectrum. In fact the dip is determined mostly by the in-
teraction of protons with the CMB photons and it depends
mainly on the CMB spectrum and the differential cross-
section of e+e− pair-production. In particular it depends
weakly on the spectral index of the generation spectrum.
In Fig. 3 curves are plotted for 2.1 ≤ γg ≤ 3.0 with a step
∆γg = 0.1, and uncertainties are seen as thickness of the
curves.
Modification factors in Fig. 3 are presented for the case
without cosmological evolution of the sources, which is
usually described in the injection spectrum by a factor
(1 + z)m up to zmax. The inclusion of evolution may no-
ticeably change the modification factor, but in fact it al-
lows to improve the agreement of the dip with data due to
the additional free parameters m and zmax (see Fig. 14 of
Ref. [15]).
Thus, a remarkable property of the dip in terms of mod-
ification factor is its universality. The dimensionless quan-
tity η(E) remains the same with various physical phenom-
ena being included in calculations [15, 16]: discreteness in
the source distribution (distance between sources may vary
from 1 Mpc to 60 Mpc), different modes of propagation
(from rectilinear to diffusive), local overdensity or deficit of
sources, large-scale inhomogeneities in the sources distri-
bution, some regimes of cosmological evolution of sources
(most notably those observed for AGN) and fluctuations
in the interactions. The phenomenon which modifies the
dip significantly is the possible presence of more than 15%
of nuclei in the primary radiation. Therefore, the shape
of the proton dip in terms of modification factor is deter-
mined mostly by the interaction with the CMB.
Above the theoretical modification factor was discussed.
The observed modification factor, according to definition,
is given by the ratio of the observed flux Jobs(E) and un-
modified spectrum Junm(E) ∝ E−γg , defined up to nor-
malization as:
ηobs ∝ Jobs(E)/E−γg . (17)
Here γg is the exponent of the generation spectrum
Qgen(Eg) ∝ E−γgg in terms of initial proton energies Eg.
8
Fig. 5 Comparison of the modification factor with experimental data [94–98] of different
experiments as labeled. Figures taken from [99].
power law injection down to the lowest energies (GeV) results in a prohibitive energy budget
for any astrophysical source. To avoid this roblem, in th original papers introducing the
dip model, a change i the injec ion spectral index was assumed [16]: at energies below 1018
e γg = 2.0 while at larger energies γg takes the best fit values quoted above. Under this
assumption the required emissivity to reproduce UHECR data is around LS = 1045 ÷ 1046
erg/Mpc3/yr [16, 36, 93].
In figure 5 and 6 it is assumed the same maximum acceleration energy Emax = 10
21 eV for
all sources. Releasing this hypothesis and taking into account that sources can be distributed
over different values of the maximum energy we can assume an injection power law index as
γg = 2.0 for all sources [93, 103]. At energies above the minimal maximum energy, a softer
spectral index arises by the convolution of the distribution function over Emax
dN(Emax)
dEm x
∝ E−αmax
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Fig. 6 Theoretical modification factor compared with the latest data of TA [92]. Figure
taken from [100].
with α = 1.6÷ 1.7, leading to an ”effective” spectral index γeffg = γg + α− 1 at the highest
energies [93, 103].
In the framework of the dip model, a suppression of the flux at low energy (< 1018 eV) is
needed not only to avoid too high luminosity of the sources but also not to overshoot cosmic
ray observations at energies below 1018 eV. As discussed in section 2.3, magnetic horizon
effects can also be invoked to reduce the proton fraction at E ≤ 1018 eV [82] even if such
effects would leave unchanged the energy budget of the sources. In the case of the dip model,
therefore, the transition between galactic and extra-galactic cosmic rays will be at energies
Etr < 10
18 eV [30, 31].
3.2. Mixed composition
The discussion of the previous section was centred around the hypothesis of a pure pro-
ton composition. As discussed above, a somewhat different picture arises from the Auger
observations that claims a composition characterised by protons at low energies (≤ 5× 1018
eV) and heavier nuclei at the highest. The qualitative new finding that mass composition
might be mixed has served as a stimulus to build models that can potentially explain the
phenomenology of Auger data. These models all show that the Auger spectrum and mass
composition at E ≥ 5× 1018 eV can be fitted at the same time only at the price of requir-
ing very hard injection spectra for all nuclei8 (∝ E−γg with γg = 1÷ 1.6) and a maximum
acceleration energy Emax ≤ 5Z × 1018 eV [20, 21, 105–107]. The need for hard spectra can
be understood taking into account that the low energy tail of the flux of UHECR reproduces
the injection power law. Therefore, taking γ ≥ 2 cause the low energy part of the spectrum
8 A somewhat different conclusion with γg ' 2 can be found assuming a negative cosmological
evolution of sources [105].
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Figure 33. Same as Fig. 32, predictions for model C are shown assuming
EGMF variances of 0.01 nG (top) and 1 nG (center). The lower panel shows
the case of beamed GRBs, assuming an opening angle ✓GRB = 5 , for an
EGMF variance of 0.1 nG (to be compared to the bottom panel of Fig. 32).
Model C shows the best compatibility with the Auger data, the
shape of the measured spectrum being very well reproduced above
the ankle. The top and central panels of Fig. 33 show the predic-
tions, in the case of model C, for two other values of the EGMF
variance, respectively 0.01 and 1 nG. As can be seen, the mean
values are not significantly modified by changing the EGMF vari-
ance. The spread of the 300 realizations, however, increases with
decreasing EGMF variance. This is due to the fact that larger mag-
netic fields result in larger spreads in rectilinear distances from the
source reached after a given propagation time, or equivalently of
the cosmic-rays arrival times at a given distance from the source.
Figure 34.UHECR spectrum predicted for one of the 300 realizations of the
history of GRB explosion in the universe, in the case of model B, assuming
an EGMF variance of 0.1 nG.
Even at the highest energies, if the spread of the cosmic-ray signal
is large enough, several GRBs can contribute to the UHECR flux at
a given time. The fluctuations of the number of GRBs in the local
universe have thus less impact on the spread of the UHECR spec-
trum. The relevance of this discussion, of course, depends on the
cosmic-ray energy. Low energy particles (say, below 1019 eV) loose
their energy quite slowly and thus have a very large horizon (either
in space or time), within which the number of contributing GRBs
is large enough to limit the fluctuations of the UHECR spectrum
even for the lowest magnetic field variance and even for the proton
component. At higher energy, the discussion is complicated by the
fact that the composition is mixed and that the proton component
does not reach the highest energies unlike heavier nuclei. The high-
est rigidity particles in the spectrum are actually protons of a few
1019 eV, accelerated by intermediate or high luminosity GRBs (see
Sect. 5). At these energies, say around 2 1019 eV, the proton horizon
is still large, keeping the spread of the spectrum predictions to a rel-
atively modest level even for the lowest EGMF variance assumed.
At higher energies, quite comparable spreads are observed, for in-
stance for the Fe group around 1020 eV (or equivalently for CNO
around 5 1019 eV. From a given GRB, these particles are, however,
more spread in terms of arrival time or distance from the source.
As a result, if protons around 2 1019 eV and Fe around 1020 eV had
similar horizons, one would expect larger spreads of the spectrum
predictions for the protons around 2 1019 eV. The horizon of protons
around 2 1019 eV is, however, several times larger than that of Fe
around 1020 eV (which is of the order of 100 Mpc, see for instance
Globus, Allard & Parizot 2008). The Fe component, around 1020
eV, is then more impacted by realization to realization fluctuations
of the number of GRBs within its horizon, which is why the fluctu-
ations of the spectrum predictions are of the same order as that of
protons at ⇠ 2 1019 eV instead of being smaller. The spread of the
predictions would of course be much larger if protons were domi-
nant, say around 1020 eV, since these protons would cumulate both
characteristics of being the highest rigidity particles (i.e, the least
spread by the e↵ect of the EGMF) and having a reduced horizon
because of severe interactions with CMB photons.
We also computed UHECR spectra in the case of beamed
GRBs. Let us consider a GRB with a conical geometry and semi-
opening angle ✓GRB, and an angle   between the GRB axis and the
vector connecting the central source to the Earth. The additional
c  2002 RAS, MNRAS 000, 1–??
Fig. 7 Comparison of the Auger spectrum with theoretical expectations in the case of
models with mixed composition. [Left Panel] Model with two classes of sources (figure taken
from [36]). Continuos, dashed and dot-dashed lines correspond respectively to the cases of: no
cosmological evolution of sources, evolution as the star formation rate and as active galactic
nuclei. [Right Panel] Model with UHECR production in the internal shock of GRB (figure
taken from [104]).
to be polluted by heavy nuclei thereby producing a disagreement with the light composition
observed at low energy.
One should appreciate here the change of paradigm that these findings imply: while in the
case of a pure proton composition it is needed to find sources and acceleration mechanisms
able to energise CR protons up to energies larger than 1020 eV with steep injection (γg '
2.5÷ 2.7), the Auger data require that the highest energy part of the spectrum (E > 5× 1018
eV) has a flat injection (γg ' 1.0÷ 1.6) being dominated by heavy nuclei with maximum
energy not exceeding a few×Z × 1018 eV [20, 21, 107–109].
By accepting the new paradigm, it follows that the Auger spectrum at energies below
5× 1018 eV requires an additional component that, composed by protons and helium nuclei,
could be, in principle, of galactic or extra-galactic origin [20, 21, 107, 108]. Nevertheless, the
anisotropy expected for a galactic light component extending up to 1018 eV exceeds by more
than one order of magnitude the upper limit measured by Auger [110]. This observation, just
restricting the analysis to Auger data, would constrain the transition between galactic and
extra-galactic CR at energies below 1018 eV [31, 111], thus excluding a galactic component
at the highest energies.
In order to reproduce the Auger observations, the additional (light and xtra-g l ctic)
contribution to the flux at energies below 5× 1018 eV should exhibit a steep power law
injection with γg ' 2.6÷ 2.7 and a maximum acceleration energy not exceeding a few×1018
eV, as for the heavier component [20, 107, 108]. The possible origin of this radiation can be
modelled essentially in two ways: (i) assuming the presence of different classes of sources: one
injecting also heavy nuclei with hard spectrum a d the other only proton and helium nuclei
with soft spectrum [20, 107] or (ii) identifying a peculiar class of sources that could provide
at the same time a steep light component and a flat he vy one [104, 108, 109, 112]. The
second approach is based on a specific hypothesis on the sources that should be surrounded
by an intense radiation field that, through photo-disintegration of heavy nuclei in the source
17/40
(E/eV)10log
18 18.5 19 19.5 20
]
-2
> [
g c
m
ma
x
<X
650
700
750
800
850
(E/eV)10log
18 18.5 19 19.5 20
]
-2
) [
g c
m
ma
x
(X
σ
10
20
30
40
50
60
70
Fig. 8 Comparison of the elongation rate and its root mean square computed assuming
the model with two classes of sources as in figure 7 left panel (figures taken from [36]).
5
15 16 17 18 19 20
log10 E (eV)
0.01
0.10
1.00
R
e
la
ti
v
e
 a
b
u
n
d
a
n
c
e
1H
1H galactic
He
Z=3-8
Z=21-26
Z=21-26 
galactic
17.0 17.5 18.0 18.5 19.0 19.5 20.0
log10 E (eV)
600
650
700
750
800
850
<
 X
m
a
x
 >
 (
g
. 
c
m
-2
)
proton
Fe
SIBYLL 2.1 
QGSJet II-4
EPOS-LHC
17.0 17.5 18.0 18.5 19.0 19.5 20.0
log10 E (eV)
0
20
40
60
80
!
X
m
a
x
 (
g
. 
c
m
-2
)
proton
Fe
SIBYLL 2.1 
QGSJet II-4
EPOS-LHC
FIG. 3. Left: Relative abundance of H, He and the elements in the indicated charge ranges, as a function of energy. For
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between the model predictions for the evolution with energy of the depth of the shower maximum, Xmax, and the Auger data,
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extragalactic component, which rises up strongly above
1019 eV, to reach 60% at 1020 eV.
It is interesting to note that, according to our model,
the dominant class of nuclei over roughly one decade in
energy, between ⇠ 6 1018 eV and ⇠ 5 1019 eV, should in
fact be CNO. This appears in very good agreement with
the recent Auger findings [15].
The spectra of individual nuclei are unfortunately very
di cult to measure separately, which prevents a direct
comparison with the data. However, it is possible to
compare the data with the model predictions for the
composition-dependent observables, namely the depth
of the maximum shower development, traditionally re-
ferred to as Xmax, and its spread (among the whole set
of showers) at a given energy,  (Xmax). This is done in
Fig. 3, where we plotted the evolution of these two ob-
servables (central and right panels) with energy, together
with the Auger data. For this, we simulated the devel-
opment of a large number of cosmic-ray showers for the
di↵erent nuclei and energies, using the CONEX shower
simulator[47] with three di↵erent choices of the hadronic
interaction model (SIBYLL2.1[48], QGSJetII-4[43] and
EPOS-LHC[45, 46]. The agreement between the predic-
tion of our model and the data is remarkable over the en-
tire energy range, both qualitatively and quantitatively,
especially when the shower development is calculated us-
ing the EPOS-LHC hadronic model. It is again interest-
ing to note that this model takes into account the recent
constraints from measurements performed at LHC. Al-
though they probably do not reproduce perfectly all air
showers properties[49], the most recent hadronic models
seem to give a more coherent picture of the evolution
of the composition deduced from indirect measurements,
from the knee to the highest energies.
IV. SUMMARY
We showed that the whole CR spectrum, including
the key region of the GCR/EGCR transition, can be de-
scribed by simply superposing a rigidity dependent GCR
component and a generic EGCR model, without addi-
tional degrees of freedom.
In our model, the GCR component is identical for all
nuclei with the same rigidity. The maximum energy of
protons accelerated in Galactic sources is ⇠ 6 1016 eV,
and the transition towards extragalactic protons takes
place around 1017 eV, where KASCADE-Grande ob-
serves an ankle in the light CR component. While the
knee-like break in the GCR proton component occurs at
⇠ 3 1015 eV, the corresponding break in the Fe compo-
nents appears at ⇠ 8 1016 eV, which is in agreement with
the observed “heavy-knee” in the KASCADE-Grande
data. The normalisations of the light and heavy com-
ponents are also in good agreement with the data.
Our results suggest that extragalactic protons account
for more than 50% of the total flux from ⇠ 5 1017 eV
to ⇠ 5 1018 eV, and drop below 10% above 3 1019 eV.
The dominant class of nuclei between ⇠ 6 1018 eV and
⇠ 5 1019 eV is CNO. The evolution of the composition
predicted by our model has been shown to be fully com-
patible with the Auger data[14, 15], across the observed
transition from a light-dominated to a heavy-dominated
composition.
An important reason for the success of the model is
the fact that the EGCR source spectrum is significantly
steeper for protons than for the heavier nuclei. As re-
called above, this is because most of EGCR protons in-
jected in the intergalactic medium below ⇠ 1019 eV,
are in fact decay products of freely escaping secondary
neutrons, produced during the acceleration through the
photo-dissociation of heavier nuclei. While this is a direct
consequence of our particle acceleration model, presented
in detail in [13], we believe that it is a generic feature of
UHECR acceleration processes occurring in photon-rich
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extragalactic component, which rises up strongly above
1019 eV, to reach 60% at 1020 eV.
It is interesting to note that, a cording to our model,
the do inant cla s of nuclei over roughly one decade in
energy, between ⇠ 6 1018 eV and ⇠ 5 1019 eV, should in
fact be CNO. This appears in very good agr ement with
the recent Auger findings [15].
The spectra of individual nuclei are unfortunately very
di cult to measure separately, which prevents a direct
co parison with the data. However, it is po sible to
co pare the data with the model predictions for the
co position-dependent observables, namely the depth
of the aximum shower development, traditionally re-
fe red to as Xmax, and its spread (among the whole set
of showers) at a given energy,  (Xmax). This is done in
Fig. 3, where we plo ted the evolution of these two ob-
servables (central and right panels) with energy, together
with the Auger data. For this, we simulated the devel-
op ent of a large number of cosmic-ray showers for the
di↵erent nuclei and energies, using the CONEX shower
si ulator[47] with three di↵erent choices of the hadronic
interaction model (SIBYLL2.1[48], QGSJetII-4[43] and
EPOS-LHC[45, 46]. The agreement between the predic-
tion of our model and the data is remarkable over the en-
tire energy range, both qualitatively and quantitatively,
especially when the shower development is calculated us-
ing the EPOS-LHC hadronic model. It is again interest-
ing to note that this model takes into account the recent
constraints from measurements performed at LHC. Al-
though they probably do not reproduce perfectly all air
showers properties[49], the most recent hadronic models
see to give a more coherent picture of the evolution
of the composition deduced from indirect measurements,
fro the knee to the highest energies.
IV. SUMMARY
We showed that the whole CR spectrum, including
the key region of the GCR/EGCR transition, can be de-
scribed by simply superposing a rigidity dependent GCR
component and a generic EGCR model, without a di-
tional degr es of fr edom.
In our model, the GCR component is identical for all
nuclei with the same rigidity. The maximum energy of
protons a celerated in Galactic sources is ⇠ 6 1016 eV,
and the transition towards extragalactic protons takes
place around 1017 eV, where KASCADE-Grande ob-
serves an ankle in the light CR component. While the
kn e-like break in the GCR proton component o curs at
⇠ 3 1015 eV, the co responding break in the Fe compo-
nents a pears at ⇠ 8 1016 eV, which is in agr ement with
the observed “heavy-kn e” in the KASCADE-Grande
data. The normalisations of the light and heavy com-
ponents are also in g od agr ement with the data.
Our results su gest that extragalactic protons a count
for more than 50% of the total flux from ⇠ 5 1017 eV
to ⇠ 5 1018 eV, and drop below 10% above 3 1019 eV.
The dominant cla s of nuclei betw en ⇠ 6 1018 eV and
⇠ 5 1019 eV is CNO. The evolution of the composition
predicted by our model has b en shown to be fully com-
patible with the Auger data[14, 15], across the observed
transition from a light-dominated to a heavy-dominated
composition.
An important reason for the success of the model is
the fact that the EGCR source spectrum is significantly
steeper for protons than for the heavier nuclei. As re-
called above, this is because most of EGCR protons in-
jected in the intergalactic medium below ⇠ 1019 eV,
are in fact decay products of freely escaping secondary
neutrons, produced during the acceleration through the
photo-dissociation of heavier nuclei. While this is a direct
consequence of our particle acceleration model, presented
in detail in [13], we believe that it is a generic feature of
UHECR acceleration processes occurring in photon-rich
Fig. 9 Comparison of the elongation rate and its root mean square in the case of UHECR
production in the in ernal sh ck of GRB as in figure 7 righ pa l (figures taken from [104]).
neighbourhood, can provide a light component of (secondary) protons with a steep spectrum
together with a hard and heavier component [104, 108, 109].
In figures 7,8,9 we plot the comparison of the Auger data on flux and mass composition
with the theoretical expectation in the case of two classes of generic sources discussed in
[36] (left panel figure 7 and figure 8) and in the case of a single class of sources (internal
shocks in GRB) discussed in [104] (right anel of figure 7 nd figure 9). I the left panel
of figure 7 we plot also the behaviour of the sp ctra omputed with different assumptions
on the cosmological evolution of sources [36]: no cosmological evolution (solid line), the
ev lution typical of t e star formation rate (dashed line) [113–115] and of active galactic
nuclei (dot-dashed line) [113, 116, 117].
In figures 8 and 9, mass composition is inferred from the mean value of the depth of shower
maximum 〈Xmax〉 and its dispersion σ(Xmax) (computed as discussed in [86]). In figure 8,
to highlight the uncertainties in the atmospheric shower development, four different models
of hadronic interaction were included in the coloured bands, namely EPOS-LHC 1.99 [118],
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Sibyll 2.1 [119], QGSJet 01 [120] and QGSJet 02 [121]. In figure 9 different lines correspond
to different hadronic interaction models as labeled.
3.3. Secondary cosmogenic messengers
The propagation of UHECR in the intergalactic space, through the interactions with CMB
and EBL, gives rise to the production of several unstable particles that in turn produce
high energy photons, electrons/positrons and neutrinos. The possible detection of these
signal carriers, soon realised after the proposal of the GZK cut-off [43, 44, 46, 47], is
extremely important to constrain models for UHECR sources, composition and the details
of propagation [36, 117, 122–134].
3.3.1. Neutrinos. There are two processes by which neutrinos can be emitted in the
propagation of UHECR: (i) the decay of charged pions, produced by photo-pion produc-
tion, pi± → µ± + νµ(ν¯µ) and the subsequent muon decay µ± → e± + ν¯µ(νµ) + νe(ν¯e); (ii)
the beta-decay of neutrons and nuclei produced by photo-disintegration: n→ p+ e− + ν¯e,
(A,Z)→ (A,Z − 1) + e+ + νe, or (A,Z)→ (A,Z + 1) + e− + ν¯e. These processes produce
neutrinos in different energy ranges: in the former the energy of each neutrino is around a
few percent of that of the parent nucleon, whereas in the latter it is less than one part per
thousand (in the case of neutron decay, larger for certain unstable nuclei). This means that in
the interaction with CMB photons, which has a threshold Lorentz factor of about Γ ≥ 1010,
neutrinos are produced with energies of the order of 1018 eV and 1016 eV respectively. Inter-
actions with EBL photons contribute, with a lower probability than CMB photons, to the
production of neutrinos with energies of the order of 1015 eV in the case of photo-pion
production and 1014 eV in the case of neutron decay (see [36] and reference therein).
The flux of secondary neutrinos is very much sensitive to the composition of UHECR. In
figure 10 we plot the flux of cosmogenic neutrinos expected in the case of the dip model
(left panel) and in the case of mixed composition (right panel). Comparing the two panels
of figure 10 it is evident the huge impact of the composition on the expected neutrino flux:
heavy nuclei provide a reduced flux of neutrinos because the photo-pion production process
in this case is subdominant.
The production of cosmogenic neutrinos is almost independent of the variations in sources’
distribution because the overall universe, up to the maximum red-shift, could contribute to
the flux. Typically, the maximum red-shift of astrophysical structures is expected around
zmax ' 10, which is the redshift of the first stars (pop III) [135]. Once produced at these
cosmological distances neutrinos travel toward the observer almost freely, except for the
adiabatic energy losses and flavour oscillations, the opacity of the universe to neutrinos being
relevant only at redshifts z  10 [136, 137]. This is an important point that makes neutrinos
a viable probe not only of the mass composition of UHECR but also of the cosmological
evolution of sources. In figure 10 three different hypothesis on the cosmological evolution
of sources are taken into account: no cosmological evolution (red bands), evolution typical
of the star formation rate (green band) [113–115] and of active galactic nuclei (blue band)
[113, 116, 117].
There is a solid consensus about the light composition of UHECR in the low energy part
of the observed spectrum. This assures a flux of cosmogenic neutrinos in the PeV energy
region, produced by the protons’ photo-pion production on the EBL photons. Coloured bands
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Fig. 10 [Left Panel] Fluxes of neutrinos in the case of the dip model. The three different
fluxes correspond to different assumptions on the cosmological evolution of sources (from
bottom to top): no evolution (red), SFR (green) and AGN (blue), coloured bands show the
uncertainties due to the EBL model [33–35]. Thin solid lines are neutrino fluxes obtained
taking into account the sole CMB field. [Right Panel] Neutrino fluxes in the case of mixed
composition (as shown in figure 7 left panel) with the same color code of left panel. Exper-
imental points are the observation of IceCube on extra-terrestrial neutrinos [138, 139] and
the Auger limits on neutrino fluxes [13]. Figures taken from [36].
in figure 10 show the uncertainties connected with the EBL background [33–35]. Another
important uncertainty in the expected neutrino flux comes from the contribution of UHECR
sources at high red-shift. Given the energy losses suffered by UHE protons and nuclei, sources
at red-shift larger than z > 1 can be observed only in terms of cosmogenic neutrinos [36,
133, 134]. Therefore a lack in the UHE neutrino flux could also be accommodated invoking
a lack of sources at high red-shift.
3.3.2. Gamma rays. While neutrinos reach the observer without being absorbed, high
energy photons and electrons/positrons colliding with astrophysical photon backgrounds
(CMB and EBL) produce electromagnetic cascades (EMC) through the processes of
pair production (PP, γ + γCMB,EBL → e+ + e−) and Inverse Compton Scattering (ICS,
e+ γCMB,EBL → γ + e). While PP is characterised by a threshold the ICS process does
not. From this simple observation follows that once a cascade is started by a primary pho-
ton/electron/positron it develops since the energy of photons produced by ICS are still above
the PP threshold. The final output of the cascade, i.e. what is left behind when the cascade
is completely developed, is a flux of low energy photons all with energies below the PP
threshold.
The two astrophysical backgrounds CMB and EBL against which the EMC develops are
characterised by typical energies CMB ' 10−3 eV and EBL ' 1 eV. Hence, the typical
threshold energy scale for pair-production will be respectively9 ECMB = m2e/CMB = 2.5×
1014 eV and EEBL = m2e/EBL = 2.5× 1011 eV. The radiation left behind by the cascade
will be restricted to energies below EEBL.
9 Numerical values quoted here should be intended as reference values being background photons
distributed over energy and not monochromatic.
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Fig. 11 Spectra of cosmogenic gamma rays obtained in the case of pure proton composition
of UHECR without cosmological evolution of sources, as computed in [140] (left panel) and
in [141] (right panel), together with the Fermi-LAT data on diffuse gamma ray background,
as in model-B (left panel) and model-A (right panel) of the analysis presented in [142].
The cascade development has a universal nature independent of the energy and spectrum
of the initial photon/pair. It can be proved10 that the spectrum of photons produced in the
cascade, those left behind with energy below threshold, is always of the type:
nγ(Eγ) ∝

E
−3/2
γ Eγ < EX
E−2γ EX ≤ Eγ ≤ EEBL
(14)
being EX = (1/3)EEBLCMB/EBL the (average) minimum energy of a photon produced
through the ICS mechanism by an electron with the minimum allowed energy EEBL/2 [42,
52, 143]. The normalisation of the spectrum (14) can be easily determined imposing energy
conservation, i.e. the total energy of the cascading photons should correspond to the energy
of the photon/pair that started the cascade.
In the case of an expanding universe the cascade acquires some dependence on the energy
and spectrum of the initiating particle. A cascade started at certain red-shift z still develops
independently of energy and spectrum of the primary photon/pair, nevertheless the spectrum
of photons observed at z = 0 will depend on the red-shift z where the cascade initiated [52,
134]. This is a direct consequence of the cosmological evolution of astrophysical backgrounds
that implies an increasing energy and density at increasing red-shift.
The propagation of UHECR in astrophysical backgrounds certainly produces EMC started
by pairs and photons coming by pair-production and photopion production of UHECR
on CMB and EBL. These cascades transform the energy lost by UHECR in low energy
gamma ray photons, with the characteristics discussed above (spectrum as in (14) in the
energy range 100 MeV < E < 100 GeV), that in turn contribute to the diffuse gamma ray
background [43, 46, 113, 131, 134, 141, 144, 145]. Therefore, the observation of a diffuse
10 For a recent detailed discussion of EMC development on CMB and EBL see [134] and references
therein.
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extra-galactic gamma ray background by the Fermi-LAT satellite [146, 147] can be used
to constrain models of UHECR. The observed fast decrease in energy (∝ E−2.4) of the
diffuse background already limits models of pure proton composition, which maximise the
production of secondary cosmogenic particles. Versions of the dip model (see section 3.1) with
strong red-shift evolution of sources seem already ruled out by Fermi-LAT observations [131].
These constrains could become even more severe taking into account a recent analysis of the
Fermi-LAT collaboration [142], where different models for unresolved gamma ray sources are
taken into account to determine the ’true’ diffuse extra-galactic gamma ray background.
In figure 11 (left panel taken from [140] and right panel from [141]) we plot the expected
gamma ray background in the case of the dip model without cosmological evolution of sources
in comparison with the experimental data of Fermi-LAT with two models for the unresolved
gamma ray sources as discussed in [142].
The detection of point-like gamma ray sources at GeV-TeV energies could also be a promis-
ing way to reveal powerful astrophysical accelerators of UHECR [144, 148, 149]. During their
journey from the source to the observer UHECR could give rise to EMC cascades that, along
the line of sight of the source, will shine as a point-like source in the gamma ray band. This
possibility critically depends on the magnetic field in the intergalactic space as it could mod-
ify the spatial development of the cascade. Therefore, to reveal a point-like source of this kind
it is needed to confine the cascade within small angular size around the source line of sight
and the corresponding magnetic field should be quite low (B < 10−5 nG) [144, 148, 149].
Let us conclude stressing the importance of the magnetic field in the physics of EMC.
Cascades can be sustained only if the process of ICS dominates over electron interactions.
Increasing the magnetic field synchrotron interaction becomes more and more important
with the net result of producing low energy (≤MeV) photons thus damping the cascade
development.
4. Astrophysical sources
We do not know what the sources of UHECR are. Therefore it is important to define general
requirements that a hypothetic accelerator should fulfil in order to reach the extreme energies
observed. If the size of the accelerator is R, a necessary condition to reach the energy E is
that particles with this energy should remain trapped inside the source, hence the Larmor
radius of the particle should be: rL(E) < R. This condition fixes a relation between the size
of the accelerator R and the magnetic field B in the acceleration region that is at the base of
the so-called Hillas plot. In figure 12 we show the Hillas plot [150] with the curves relative to
the condition rL < R (see Eq. (11)), the corresponding energy of the accelerated particles,
and several astrophysical objects that match this condition. It is interesting to note here
that the acceleration of nuclei, thanks to larger electric charge, is less demanding and can
be easier achieved respect to the case of protons.
Following [152, 153] the general idea at the base of the Hillas plot can be further refined by
assuming that the accelerator moves (as for shocks) with either relativistic or non-relativistic
velocity. Let us consider first the non-relativistic case. The condition rL(E) < R on the
magnetic field can be easily transformed in a condition on the magnetic energy density
B = B
2/4pi. This quantity should be lower that the total ram pressure B < ρV
2 and this
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Figure 11:
Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to
a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the
uncertainties in their parameters.
for extragalactic sources. Requiring that candidate sources be capable of confining par-
ticles up to Emax, translates into a simple selection criterium for candidate sources with
magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-
didate sources are placed in a B   R phase-space, taking into account the uncertainties
on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the
Hillas diagram). Most astrophysical objects do not even reach the iron confinement line
up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,
Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the
intergalactic medium. The Hillas criterion is a necessary condition, but not su cient. In
particular, most UHECR acceleration models rely on time dependent environments and
relativistic outflows where the Lorentz factor     1. In the rest frame of the magnetized
plasma, particles can only be accelerated over a transverse distance R/ , which changes
subsequently the Hillas criterion.
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Fig. 12 Hillas plot [150] obtained by imposing the condition rL(E) < R, the two solid
lines correspond to protons and iron nuclei with E = 1020 eV as labeled. Also shown are
several astrophysical objects that m et the requirements of ize/magnetic field needed for
the acceleration process. Figure taken from [151].
fixes a lower limit on the luminosity of the source:
L = 4piR2V
ρV 2
2
> 2piR2V B ' 1.6× 1045Z−2
(
E
1020eV
)2
β erg/s (15)
being Z the electric charge of the particle and β = V/c the velocity of the accelerator. As
discussed in [153], the condition (15) is somewhat uncertain in the scaling with β, as it
depends on the det ils of particles tr nsport in the acceleration regi .
In the case of a relativistic motion of the acceleration regio , i.e. with a Lorentz factor
Γ 1, it is useful to introduce the co-moving reference frame, all quantities in this frame
will be indicated with a prime. The condition discussed above for acceleration in the co-
moving frame becomes: rL(E
′) < R′ = R/Γ, using the Lorentz contraction of length. Since
the energy density transforms as Γ2, we can rewrite the condition on luminosity in the case
of a relativistic motion of the accelerator as:
L > 4piR2cΓ2B′ ' 1047Γ2Z−2
(
E
1020eV
)2
erg/s . (16)
What is more relevant in Eq. (15) and (16) is the strong dependence on the electric charge
of the particle Z−2 that softens the limit in the case of nuclei.
Another quantity that can be used to constrain sources of UHECR is the energy input
per unit volume and time, i.e. the sources emissivity. The flux of UHECR can be roughly
estimated as:
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J(E) ' c
4pi
Q(E)τloss(E) (17)
where Q is the injection rate per unit volume and τloss the time scale of energy losses.
Comparing Eq. (17) with the observed flux we can immediately deduce, at fixed energy, the
expected emissivity of the sources around 3× 1045 erg/Mpc3/yr at 1019 eV. This quantity
can be compared with the known emissivity of well defined sources. For instance, AGN
typically show bolometric luminosities in gamma rays in the range between Lbol ' 1043
erg/s, for Seyfert galaxies and radio-quite quasars, and Lbol ' 1047 erg/s, for radio-loud
quasars, with typical number density in the range 10−5 ÷ 10−4 Mpc−3 [154, 155]. Therefore
AGN would meet the energy requirements if they emit a fraction in the range 10−4 ÷ 10−3
of their bolometric luminosity in UHECR.
In the following we will address three general categories of possible astrophysical sources
distinguishing among the acceleration mechanisms at work: relativistic and non-relativistic
shocks and strong electric fields, as those produced by rotating magnetised stars.
4.1. Non relativistic shocks and large scale structures
There are not many examples of non-relativistic shocks able to accelerate particles at the
extreme energies of UHECR. The most noteworthy case is certainly represented by shocks
produced during the formation of clusters of galaxies [156–158]. Generally speaking, the
formation of large scale structures in the universe naturally leads to supersonic motion of
plasma that, fuelled by gravitational forces, gives rise to shock waves. These shocks can be
formed by clusters merging as well as in the case of accretion of an isolated cluster, in this
case a pre-existing gravitational potential attracts the accretion of gas from the outer space.
This is a very important mechanism through which filaments, that connect clusters in the
cosmic web, are formed.
In filaments typical accretion velocities reached are at the level of 103 ÷ 104 Km/s with
a background temperature relatively small at the level of 105 ◦K, hence the shock waves
that can be formed will be relatively strong with values of the Mach number at the level
of Ms ' 10÷ 100. On the other hand, shocks produced by clusters merging are weaker
(Ms  10) because formed in the intra-cluster medium with a typical temperature at the
level of 108 ◦K, being clusters already virialised structures [159]. In both cases of accretion
and merging shocks the available luminosity is typically of the order of L ' 1045 erg/s
therefore compatible with the estimates discussed above.
This kind of accelerators operate for very long time, of the order of the age of the universe,
and the accelerated particles are typically confined inside the cluster volume [160]. The
maximum energy attainable with these mechanisms is constrained by the magnetic field at
the shock, which fixes the acceleration time, and by the energy losses of particles. Particularly
relevant are losses due to photo-pion production for protons and photo-disintegration for
nuclei that fix the maximum energy at the level of 5÷ 10× 1019 eV [156–158].
Shocks in clusters of galaxies, also called cosmological shocks, may represent an option for
UHECR acceleration only in the case of no substantial flux observed at energies higher than
a few×1019 eV. The spectrum of the accelerated particles produced by cosmological shocks
can be determined applying the general theory of particle acceleration at non-relativistic
shocks, for a recent review see [161].
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4.2. Relativistic shocks
Particle acceleration at relativistic shocks, namely those shocks with Lorentz factor Γ > 10,
is still not clear. On general grounds, acceleration at shock front is efficient only in the case
of a sizeable probability for a particle to move back to the upstream region once it crossed
the shock from upstream to downstream. Only through many cycles upstream-downstream-
upstream it is possible to reach efficient acceleration.
In the case of relativistic shocks with Γ 1 the shock velocity in the reference frame of
the downstream plasma can be determined by imposing the conservation of energy and mass
across the shock and it turns out to be ' c/3. A relativistic particle with Larmor radius rL
takes a time τ = 2pirL/c to complete one Larmor gyration in the same time the shock moves
by τc/3 = (2pi/3)rL > rL, therefore the particle is trapped downstream with a quite reduced
probability of returning upstream (return probability). This fact leads to expect steeper
spectra and reduced maximum energies for acceleration at relativistic shocks [162–165] in
a way difficult to be reconciled with the observations of UHECR. To solve this problem,
achieving the highest energies observed, one may invoke large turbulence downstream that
leads to an increased return probability and harder spectra of the accelerated particles. This
assumption is at the base of all models of acceleration at relativistic shocks [166–171], which
show a general consensus on the accelerated spectra of the type N(E) ∝ E−2.3 following
from the assumption of small pitch angle scattering downstream [166–171].
Assuming the required level of magnetic turbulence relativistic shocks can accelerate par-
ticles until the highest energies. The first time that a particle traverses the shock from
upstream to downstream and back its energy can increase by a large factor of the order of
' 4Γ2. For large values of Γ, as in GRB that can achieve Γ = 300, the energy gain can be
remarkable with particles that acquire energies at the level of 105 ÷ 106 GeV, note that this
energy scale will be a low energy cutoff in the spectrum of the accelerated particles. After
the first shock crossing particles distribution will be beamed within an angle of the order of
1/Γ around the shock normal. The highly anisotropic distribution of particles implies a much
lower energy gain at any subsequent shock crossing, if any, of the order of ∆E/E ' 2. Note
that the simple picture discussed here applies to planar shocks, it might become somewhat
different (and more complicated) for non-planar relativistic shocks as, for instance, in the
case of relativistically moving plasmoids as those observed in AGN jets.
As stated above, the key point of acceleration in relativistic shocks is related to the required
magnetic field turbulence, a crucial ingredient in order to reach the energies of UHECR. Let
us consider the specific case of GRB that offer an environment in which relativistic shocks
are at the origin of the observed emissions. In this case the upstream magnetic field can be
inferred by the observation of the X-ray afterglow emissions: typical values determined in
this way are at the level of 10÷ 100 µG [172, 173], significantly stronger than the interstellar
value. It is tempting to attribute this apparent high magnetisation to streaming instabili-
ties triggered by the accelerated particles penetrating the ambient plasma. However, at the
present time, one cannot exclude that the circum-burst medium is per se strongly magnetised
to the above level [164, 165]. Experimental evidences of the magnetic field in the downstream
region, which is crucial in order to increase the return probability downstream-upstream,
are more uncertain [164, 165]. Recent particle-in-cell simulations show a fast decay of the
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downstream magnetic turbulence that seems difficult to sustain at the required level for
UHECR acceleration [163–165].
An interesting attempt to avoid the problem of the lack of magnetic turbulence is rep-
resented by the one-shot acceleration in AGN jets proposed in [174]. In this case CR with
energies around 1017 eV and below penetrate the jet sideways receiving a one-shot boost in
energy of a factor Γ2 reaching the required energies [174].
In the case of nuclei with large electric charge the magnetic turbulence required to attain
' 1020 eV is less demanding. However, at least for GRB, the acceleration of heavy nuclei
seems challenging [175–177]. This is a general point connected with the expected heavy nuclei
density at large red-shifts. At the cosmological epoch of reionization protons and helium
nuclei were the dominant components and heavy nuclei were almost completely absent.
Heavy elements provide cooling of ordinary stars during their evolution process including
the pre-Super Nova phase. The stage of reionization of the universe, detected by Planck
at redshift z . 10 [178], needs at least two early generations of stars with low metallicity,
Pop III and Pop II stars. Hence, the main contribution to the heavy nuclei observed in the
extra-galactic space is given by the present time Super Nova explosions. This scenario is also
confirmed by the observations in Lyα forest which indicate that the extra-galactic space had
very low fraction of heavy elements at the level Z ∼ 10−3.5Z at redshift z ∼ 5 [179].
In conclusion, while relativistic shock acceleration has been often invoked as a viable
mechanism for UHECR acceleration, especially in the context of GRB and AGN jets, there
are many difficulties and poorly understood aspects, typically related with the required
magnetic turbulence and mass composition, that do not allow a firm conclusion on whether
this mechanism may be really at work.
4.3. Unipolar induction
The rotation of a magnetised star implies potentially large induced electric fields that, in
turn, could accelerate particles until the highest energies of UHECR [52]. Several different
astrophysical objects show strong magnetisation, particularly suitable to accelerate ultra-
high-energy particles are black hole magnetospheres and pulsars, i.e. fast spinning Neutron
Stars (NS). This kind of accelerators was proposed already in 90s [180–182] and recently
updated mainly in connection with the new observations of Auger [19, 183, 184].
Magnetised and fast spinning NS present an energy budget which is favourable for the
acceleration of UHECR, as follows from the NS population density n˙s = 3× 10−3 Mpc−3yr−1
[185] and the very large reservoir of rotational energy, at the level of
Erot ' 2× 1052
(
I
1045gcm2
)(
P
10−3s
)−2
erg (18)
with I the moment of inertia and P the rotation period of the star [185]. Comparing these
numbers with the emissivity expected from UHECR sources (see Eq. (17)), one finds that
only a tiny fraction of NS, at the level of 10−4 and below, should contribute to the observed
UHECR flux.
The crust of a NS is supposed to be composed by condensed matter tightly bound in long
molecular chains oriented along the magnetic field lines [186, 187]. These chains are thought
to be composed by iron nuclei 56Fe ordered in a one dimensional lattice with an outer sheath
of electrons. The binding energy of iron nuclei can be estimated as 14 keV and the lattice
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spacing d ' 10−9 cm [188]. Therefore the electric field needed to extract an iron will be
E0 = 14keV
Zed
' 1.4× 1013 1
Zd−9
V
cm
,
being Z the electric charge of the nucleus extracted (Z = 26 for iron) and d−9 the lattice
spacing in units of 10−9 cm.
Extraction of nuclei can be achieved by the electric field generated at the NS surface by
the star rotation, it can be estimated as [182]
E = 2piBRs
Pc
' 6.3× 1014
(
B
1013G
)(
Rs
106cm
)(
P
10−3s
)−1 V
cm
(19)
where B is the magnetic field at the surface of the star, Rs its radius and P the star rotation
period. The principal effect of this field is to extract from the NS crust electrons, much less
bounded than nuclei, which suffer curvature radiation in the strong dipolar magnetic field of
the star’s magnetosphere. Photons produced by curvature losses of electrons can in turn give
rise to pairs by scattering on virtual photons associated to the magnetic field, pairs will again
emit curvature photons in a cascading process. This chain of events leads to a multiplication
of the number of electron-positron pairs that eventually fill the magnetosphere of the star, the
number of pairs generated by a single extracted electron is in the range 10÷ 104 depending
on local conditions. Pairs in the magnetosphere have a twofold effect on the acceleration
of UHECR: from one side they allow milder electric fields to extract iron nuclei because of
their backward acceleration toward the star, on the other side they have a screening effect
on the electric field, that could be damped over large distances from the star surface.
However, at least in principle, the total potential drop available to accelerate particles in
the magnetosphere is [182]:
Φ =
2pi2BR3s
P 2c2
' 7× 1019
(
B
1013G
)(
Rs
106cm
)3( P
10−3s
)−2
V (20)
which would correspond to a maximum particles’ Lorentz factor γΦ = ZeΦ/(Ampc
2), i.e. an
energy exceeding 1020 eV for iron nuclei. Actually, as for electrons, the maximum acceleration
energy attainable will be limited by curvature losses. Assuming that the total potential drop
Φ is available over a gap of length ξRL, being RL the radius of the light cylinder
11 of the
star RL = cP/2pi, and equating curvature energy losses with energy gain one gets an upper
bound for the acceleration Lorentz factor as [184]
γcurv =
(
3piBR3s
2ZePξc
)1/4
' 108
(
ξZ
26
)−1/4( B
1013G
)1/4( P
10−3s
)−1/4( Rs
106cm
)3/4
, (21)
therefore the actual maximum energy that particles can attain within the co-rotating mag-
netosphere will be set by γmax = min(γcur, γΦ). The parameter ξ takes into account the
screening effect of pair creation and it can be estimated at the level of O(1) [184], signalling
that the gap cannot be too far from the star surface.
If the NS wind has a Lorentz factor larger than γmax evaluated above, particles that end
up in the wind will be advected with it at the Lorentz factor of the wind irrespective of the
11 Distance at which the peripheral velocity of the star reaches the velocity of light 2piRL/P = c
and the magnetic field lines spiral outwards along the azimuth.
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energy reached in the magnetosphere. This mechanism discussed in [184] provides a way of
increasing UHECR energies independently of the curvature losses.
The discussion above focuses on the most classical scenario of particles acceleration nearby
the stellar surface. There are in literature other scenarios in which acceleration happens at
the light cylinder or further out [189] that will be not discussed here.
The spectrum of UHECR accelerated by a NS is determined by the evolution of the
rotational frequency, as the star spins down the energy of the accelerated particles decreases
(see Eq. (20)). Generally a NS is powered by the rotational kinetic energy and loses energy
by accelerating particle winds and by emitting electromagnetic radiation. Because of energy
losses the rotation frequency decreases with time, this slowdown is usually described by the
relation ν˙ = −Kνn where n is the braking index (n = 3 for a pure magnetic dipole) [186]
and K is a positive constant, which depends on the moment of inertia and on the magnetic
dipole moment of the star [186].
The spectrum of UHECR accelerated by the NS is given by
N(E) ∝ E 1−n2 ;
therefore hard as N(E) ∝ E−1 in the reference case of n = 3 [186] and even harder for
braking index n < 3, as frequently observed.
Once nuclei are extracted from the stellar crust and accelerated by the potential gap Φ
they are advected with the NS wind and interact with the environment of the star, suffering
mainly photo-hadronic interactions [19, 183, 184]. These are two relevant processes that can
change both the energy of accelerated particles and their mass composition.
Photo-hadronic interaction processes suffered by iron nuclei in the thermal radiation back-
ground surrounding the NS are extremely important in order to determine the actual nuclei
species accelerated. As discussed in [184, 190] for most reasonable values of the NS surface
temperature (T < 107 ◦K) a large fraction of heavy nuclei survives the losses on the radiation
environment of the star. Moreover, photo-disintegration leads to the production of secondary
particles (intermediate mass nuclei and nucleons, see section 2), hence, even extracting only
iron nuclei from the crust of the star, the mass composition of UHECR produced by the
accelerator will be anyway mixed with light nuclei and nucleons [19, 183, 184].
5. Exotic models
The extreme energies of UHECR, as high as 1011 GeV, eleven orders of magnitude above
the proton mass and ”only” eight below the Planck mass, are a unique workbench to probe
new ideas, models and theories which show their effects at energies much larger than those
ever obtained, or obtainable in the future, in accelerator experiments.
There are two general classes of exotic theories that can be tested trough UHECR: top-
down models for the production of these extremely energetic particles and models that imply
extensions and/or violations of Lorentz invariance, as in certain theories of Quantum Gravity
(QG).
5.1. Top-down production and super heavy dark matter
Top-down models imply the generation of UHECR directly at the highest energies observed
without passing through an acceleration mechanism that brings particles from low energy
up to the highest. The idea of top-down models for the production of UHECR arose in 90s
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to explain the lacking of the high energy suppression in the flux observed by the AGASA
experiment [191]. The two main classes of top-down models are associated with topological
defects and super-heavy relics (see [192] and references therein).
Here we do not discuss the case of topological defects that are usually associated with
a symmetry breaking, as in in the case of monopoles, cosmic strings and necklaces [192].
Nowadays, with the firm experimental observation of the high energy suppression in the
UHECR flux, the scientific case for super-heavy relics is mainly connected with the problem
of DM and cosmological observations.
The leading paradigm to explain DM observations is based on the Weakly Interactive
Massive Particle (WIMP) hypotheses [193, 194], which consists of two basic assumptions: (i)
WIMP are stable particles of mass Mχ (in the range 10
2 ÷ 104 GeV) that interact weakly
with the Standard Model (SM) particles; (ii) WIMP are thermal relics, i.e. they were in
Local Thermal Equilibrium (LTE) in the early universe.
Searches for WIMP particles are ongoing through three different routes: direct detection,
indirect detection, and accelerator searches (see [194] and references therein). None of these
efforts have discovered a clear WIMP candidate so far. In addition, no evidence for new
physics has been observed at the Large Hadron Collider. Although not yet conclusive, the
lack of evidence for WIMP may imply a different solution for the DM problem outside of
the WIMP paradigm.
An alternative to WIMP models is represented by the scenario based on super-heavy
relics produced due to time varying gravitational fields in the early universe: the so-called
Super Heavy Dark Matter (SHDM). This approach is based on the possibility of particle
production due to the non-adiabatic expansion of the background space-time acting on the
vacuum quantum fluctuations. In quantum theories the possibility of producing particle pairs
by the effect of a strong (classical) external field is well known: for instance, consider the case
of e± pair creation by strong electromagnetic fields. The idea to apply such a mechanism in
cosmology through external strong gravitational fields dates back to E. Schro¨dinger in 1939
[195].
The construction of a coherent theory of particle creation by the expansion of the universe
was developed in the last 40 years and started with the pioneering works of [196–200]. More
recently, in the framework of inflationary cosmologies, it was shown that particle creation
is a common phenomenon, not tied to any specific cosmological scenario, that can play a
crucial role in the solution to the DM problem as SHDM (labeled by X) can have ΩX(t0) ' 1
[201–208]. This conclusion can be drawn under three general hypotheses: (i) SHDM in the
early universe never reaches LTE; (ii) SHDM particles have mass of the order of the inflaton
mass, Mφ; and (iii) SHDM particles are long-living particles with a lifetime exceeding the
age of the universe, τX  t0.
Precision measurements of CMB polarisation and observations of UHECR up to energies '
1020 eV enable a direct experimental test of the three hypothesis listed above. As discussed in
[208], the first two hypothesis can be probed through the measurements of CMB polarisation.
The third hypothesis, particle life-time longer than the age of the universe, is a general
requirement of any DM model based on the existence of new particles. As in the case of
WIMP, discrete gauge symmetries protecting particles from fast decays work equally well
for SHDM particles (see [205, 209] and references therein).
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Fig. 13 [Left Panel] Flux of UHECR from the decay of SHDM (thin solid lines) with
parameters as labeled together with the flux expected in the framework of the mixed com-
position model of [36]. Also shown is the sensitivity to SHDM decay products: of the proposed
JEM-EUSO space mission (thick red solid line) and, for UHE neutrinos, the upcoming ARA
observatory (thick blue solid line). Experimental data are those of Auger (red points) [90]
and TA (black points) [92]. [Right Panel] Fraction over the total flux of protons, photons
and neutrinos by SHDM decay as follows from fluxes in right panel. Both figures are taken
from [208].
The best way to test the existence of SHDM is through the indirect detection of its annihi-
lation and/or decay products (direct detection is unattainable). Since the annihilation cross
section of a (point) particle is bounded by unitarity, σann ∝ 1/M2X ∼ 1/M2φ, the annihilation
process results in an unobservable small annihilation rate [205]. Even if alternative theoret-
ical models can be constructed, with a sizeable annihilation rate [210], we will not consider
this case here and focus on the more general case of signatures from SHDM decays.
If SHDM particles decay, under general assumptions on the underlying theory (see [205,
209] and references therein), we can determine the composition and spectra of the standard
model particles produced. Typical decay products are neutrinos, gamma rays and nucleons
with a flat spectrum, that at the relevant energies can be approximated as dN/dE ∝ E−1.9,
independently of the particle type, with a photon/nucleon ratio of about γ/N ' 2÷ 3 and
a neutrino nucleon ratio ν/N ' 3÷ 4, quite independent of the energy range [209]. The
most constraining limits on SHDM lifetime are those coming from the (non) observation of
UHE photons and, even to a lesser extent, neutrinos. Auger observations provide us with
very stringent limits on the photons flux at energies above 1019 eV, which are at the level
of 2% [211], this fact already constrains the SHDM life-time to values τX ≥ 1021 ÷ 1022 yr
depending on the underlying inflationary potential.
In the left panel of figure 13, as discussed in [208], we plot the flux of UHECR coming
from the decay of SHDM in a specific model of inflation with MX = 4.5× 1013 GeV and
τX = 2.2× 1022 yr (solid lines); we also show the expected sensitivities of the proposed JEM-
EUSO space mission (thick red solid line) [212] and, for UHE neutrinos, of the upcoming
ARA observatory (thick blue solid line) [213, 214]. In the right panel we show the corre-
sponding fraction over the total flux of protons, photons and neutrinos by the decay of
SHDM. From figure 13 it is clear that SHDM models can be effectively probed only by the
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next generation of UHECR experiments, those designed to maximise statistics at the highest
energies, together with new and more refined observations of the CMB polarisation pattern
as they constrain the inflationary scenario.
5.2. Tests of Lorentz invariance
In the last years a general consensus has emerged on the use of UHECR observations as a
powerful tool to put under experimental scrutiny Lorentz Invariance (LI). The possibility of
testing LI at scales not probed so far is interesting per se, as any new experimental scrutiny
of a fundamental theory, moreover the need for extensions and/or violations of LI can be
connected to the long-standing problem of the construction of a quantum theory of gravity.
Our universe is very well described by quantum mechanics at small scales and general
relativity at large scales, nonetheless a unified theory of QG is still unknown. While all
the other fundamental interactions propagate through space-time, gravity turns out to be
a property of space-time itself. This simple statement, at the base of general relativity,
has important implications for the construction of a quantum theory of gravity, as it implies
that the structure of space-time itself has quantum fluctuations. In other words, at the scales
where quantum effects of gravity arise, space-time is expected to have a granular (or foamy)
structure where however the size of space-time cells fluctuates stochastically, thereby causing
an intrinsic uncertainty in the measurements of space-time lengths, and indirectly of the
energy and momentum of particles. The typical scale at which quantum gravitational effects
are supposed to become relevant is the so called Planck length, i.e. the length scale given
by lp =
√
~G/c3 ' 1.6× 10−33 cm. It is generally argued that measurements of distances
(times) smaller than the Planck length (time) are conceptually unfeasible, since the process
of measurement collects in a Planck size cell an energy exceeding the Planck mass (MP =√
~c/G ' 1.2× 1019 GeV) hence forming a black hole in which information is lost.
As was immediately realised after the proposal of the GZK suppression [215], in the ref-
erence frame in which astrophysical photon backgrounds are isotropic, in the case of CMB
with a Planckian distribution of energies, an UHE nucleon only needs a fractional gain in
energy at the level of 10−22 ÷ 10−21 to perform the transition to its final state (photo-pion
production or photo-disintegration). LI guarantees that this is exactly the same to what
happens in the reference frame in which the nucleon is at rest and the photon has 10÷ 100
MeV energy. But this also displays the fact that even very tiny violations of LI are bound to
give, in some selected reactions at least, observable effects. The kind of reactions typically
very sensitive to LI violations are those characterised by a particle production threshold
[216–219].
In recent times LI violating models have been deeply analysed and compared with avail-
able experimental data [220, 221]. Particularly interesting is the approach of Effective Field
Theories (EFT) in which LI or CPT symmetry (and renormalizability) is no longer a guide,
in this kind of theories the number of possible terms violating LI is very high. Those that
can be tested experimentally (several hundreds) are describe in [221] and can be generally
modelled through modifications of the dispersion relation of particles [222] (which in the
EFT approach corresponds to modifications of kinetic terms in the Lagrangian density),
such as:
E2 − p2 = µ2(E, p,MP ) ' m2 + fE2+n/MnP (22)
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where µ is a generalised ”mass” that can be always approximated as the mass of the particle
m plus terms that violate LI at the strength fixed by f (f = 0 corresponds to the standard
invariant relation).
The firm experimental evidence of the suppression in the spectrum of UHECR around
a few×1019 eV implies very stringent limits on the possible violations of LI. Using the
parameterisation introduced in Eq. (22), the case f > 0 is strongly excluded by observations,
because in this case thresholds for particles’ production move to lower energies and new
exotic processes are allowed, such as vacuum Cerenkov p→ pγ for which very strong bounds
exists [223]. As soon as f moves toward negative values, thresholds for particles’ production
slightly increase until the point at which become kinematically forbidden. In this case, limits
of LI violations obtained from the observed spectral steepening are reported in literature
[224, 225]. These limits, however, depend crucially on the assumption that the steepening in
the flux is originated by the propagation of UHECR. As discussed in section 2, Auger data
can be very well accommodated in models in which the flux suppression is connected with
low values (see section 3.2) of the maximum acceleration energy at the source. In this case
no relevant limit on LI violations can be deduced using the observed flux of UHECR [226].
Violations of LI can also imply important effects in the development of showers produced
by the interaction of UHECR with nuclei of the Earth’s atmosphere. These effects typically
reduce the kinematical phase space for certain processes modifying the particles content of
the cascading shower. The most important process in the physics of cascades is the neutral
pion decay pi0 → γγ, which has a reduced kinematic phase space in the case of LI viola-
tions (f < 0) with stable neutral pions at energies larger than E > (MnPm
2
pi/|f |)
1
2+n [226].
This modification of particles’ cascade has the net effect to move the shower maximum to
higher altitudes as the electromagnetic part of the shower consumes faster. Mover, it pro-
duces an increased number of high energy muons in the shower due to the interaction of
”non-decaying” neutral pions. As of today, observations of the showers development in the
atmosphere are not able to exclude LI violations effects, that are however much weaker and
difficult to tag than in the case of UHECR propagation.
6. Discussion and conclusions
The most important physical task in the physics of UHECR is certainly connected with a
clear identification of the sources. As always in cosmic ray physics, the observables that we
can use to solve the mystery are: flux, mass composition and, if any, anisotropy of the arrival
directions. In the present paper we concentrated the discussion on the first two observables,
showing how the flux can be interpreted in different ways with a certain level of degeneracy
due to mass composition and that the latter is still unclear with a high degree of uncertainty
connected with the actual measurements of Auger and TA.
As discussed in sections 1, 2 and 3, mass composition has a paramount importance in the
physics of propagation, it fixes few fundamental characteristics of the sources (γg and Emax)
and it regulates the amount of secondary (observable) particles, gamma rays and neutrinos,
that, in a multi-messenger approach, could unveil important informations about sources.
The experimental determination of mass composition in both Auger and TA is based on the
observation of fluorescence light produced by the electromagnetic component of the EAS in
the atmosphere. These measurements, performed through the fluorescence telescopes, enable
the determination of the atmospheric depth at which the number of particles in the EAS
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reaches its maximum Xmax(E), which is directly related to the number of nucleons of the
primary particle hitting the atmosphere. Heavy nuclei interact higher in the atmosphere with
smaller fluctuations. In practice, the actual quantity which can be measured and relates to
mass composition is the distribution N(Xmax) of the Xmax position of showers with total
energy E.
In the past, because of the limited statistic, the observation of N(Xmax) was restricted to
the first two moments of the distribution, 〈Xmax〉 and σ(Xmax) respectively, as discussed in
section 3. This kind of analysis performed by both Auger and TA brings to the uncertainties
discussed and seems not conclusive [17, 23].
Recently, the Auger collaboration, exploiting its high statistics, published an analysis based
on the reconstruction of the whole behaviour of the distribution N(Xmax) at different ener-
gies [21, 227]. The comparison of observations with Monte Carlo simulations provides a
more precise determination of the mass composition. The results of [227] are quite inter-
esting, even if not conclusive and not incompatible with previous analysis, seem to point
toward a lesser heavy composition respect to the one extracted from the first two moments
of the distribution. However, also in this case, a large level of uncertainty comes from the
hadronic interaction model implemented in the Monte Carlo simulations [227].
The measurement of mass composition only by means of fluorescence seems not sufficient,
another observable which plays an important role in tagging composition is the number of
muons observed by the surface detectors. The basic effect to distinguish a nucleus from a
proton by observing muons is related to the different energy per nucleon, E/A, at fixed total
energy E. A low energy nucleon produces low energy charged pions which decay to muons
before the parent pion undergoes new collisions with air-nuclei.
The Auger experiment has several unique possibilities to measure the muon flux directly
and use it to determine the mass composition. The on-ground water-Cherenkov detectors
(tanks) can measure muons in inclined directions, with some level of uncertainty due to
the decoupling of the electron and muon signals. Moreover, the AugerPrime [228] upgrade
has been specifically designed to improve muons measurements in the whole energy range.
Along the line of a hybrid design, each tank will be equipped with scintillator layer on the
top. Shower particles will be sampled by two detectors (scintillators and water-Cherenkov)
having different responses to the muonic and electromagnetic components, thus allowing to
reconstruct each of them separately. The muonic component will be derived in each station
by subtracting the signal observed in the scintillator from that seen in the water Cherenkov
tank. The upgraded array will provide data with no duty cycle limitation allowing the access
to the highest energies.
As discussed in [229], the precise measurement of the muon production depth Xµmax, i.e. the
atmospheric depth corresponding to the maximum production of muons, may give valuable
informations if correlated with Xmax, measured by fluorescent light. A preliminary analysis
of this correlation, performed on the Auger muon data extracted from inclined showers,
points toward a mixed composition at the highest energies & 1019 eV with, at least, three
nuclei components among which the iron group seems to be excluded [230].
Given the strong joint efforts of Auger and TA collaborations in solving the puzzle of mass
composition, it is reasonable to expect that in the near future a clearer view will emerge.
Meanwhile, in the present review, we have considered the two alternative scenarios of light
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or heavy composition to deliver a wider view of the physics of UHECR. In section 3 we
have considered the dip model, which assumes a pure proton composition and implies steep
injection spectra γg & 2.5 and high maximum energies of acceleration Emax & 1020 eV, and
the mixed composition model, which shows a richer phenomenology with heavy elements
injected with hard spectra γ . 1.5 and light elements with soft spectra γg & 2.5 both with
relatively low maximum acceleration energies Emax . Z × 5× 1018 eV.
As discussed in section 4, a pure proton composition is, theoretically, a natural possibility.
Proton is the most abundant element in the universe and several different astrophysical
objects, at present and past cosmological epochs, could provide efficient acceleration even
if it requires very high luminosities and maximum acceleration energies. The latter being
particularly challenging for many models of magnetic turbulence in both cases of relativistic
and non-relativistic shocks.
The complexity of the scenario based on a composition with heavy nuclei disfavours astro-
physical sources placed at high redshift because of the lacking of heavy elements. As discussed
in section 4, mixed composition favours sources with flat injection spectra for heavy nuclei,
provided by acceleration mechanisms based on strong electric fields, such those at the sur-
face of rotating neutron stars (see section 4.3), or invoking particular dynamics in the source
environment, such as photo-disintegration on strong local photon fields [104, 109]. A remark-
able feature of the mixed composition scenario is the relative low maximum energy required
at the source.
The study of secondary cosmogenic particles produced by the propagation of UHECR
is another fundamental aspect of this field of research. As discussed in section 3.3, UHE
neutrinos and gamma/electron/positron are always produced by photo-hadron interactions
involving UHECR. While the latter are rapidly absorbed through ICS and PP processes,
contributing to the diffuse gamma ray background (. 100 GeV), the former bring direct
informations about sources and mass composition up to the highest red-shifts.
Theoretical expectations on the fluxes of secondary messengers are very sensitive to the
mass composition. In the case of pure protons there is a huge production of both neutrinos
and gamma rays. As discussed in section 3.3, particularly constraining is the diffuse gamma
ray background as recently detected by the Fermi-LAT satellite [142], that seems to exclude
certain source models and their cosmological evolution in the framework of a pure proton
composition [140, 141].
After the first detection of astrophysical neutrinos at energies . 1015 eV by the IceCube
collaboration [138, 139], the study of HE and UHE neutrinos attracted a renewed interest.
The observations of IceCube, being at relatively low energy, can be only marginally explained
in the framework of cosmogenic neutrinos coming from UHECR interactions, also given the
large uncertainties on the EBL background at high red-shift [36]. At high energies (E & 1018)
neutrino production is critically related with the mass composition of UHECR and with
cosmological evolution of sources. Therefore the lacking of neutrino observations in this
energy regime is not too constraining for UHECR models.
As discussed in section 5, the study of UHECR has an impact also in fundamental physics,
as it involves tests of models and theories that extend beyond the standard model of particle
physics. This is the case of SHDM that, being a viable alternative to the WIMP paradigm
for DM, can be tested only through the combined observations of the CMB polarisation
pattern and UHECR at the highest energies [208].
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We conclude highlighting the two principal avenues on which the study of UHECR should
develop in the near future. From one hand, as discussed above, a firm experimental determi-
nation of the mass composition is an unavoidable step forward in this field of research. On
the other hand, the highest energy regime, typically the trans-GZK energies E & 5× 1019
eV, still remains less probed with not enough statistics to firmly detect possible anisotropies
in the arrival directions and the exact shape of the suppression. Current technologies can
reach one order of magnitude more in the number of observed events at the highest energies,
which seems not enough to firmly detect anisotropies or to probe new physics as the SHDM
hypothesis. New technologies are needed and future space observatories, with improved pho-
ton detection techniques, like JEM-EUSO [212], OWL [231] or Super-EUSO [232], promise
a new era in the physics of UHECR.
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